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Lignocellulosic wastes contain considerable quantities of cellulose and 
hemicellulose that can be excellent energy sources. However, their digestibility is 
often limited by the presence of phenolic monomers which inhibit the growth and 
enzymatic activities of many bacteria and fimgi. Cultivation of edible mushrooms 
represents one of the economically-viable processes in the bioconversion of 
agricultural residues. The amounts and types of phenolic monomers present in a 
particular substrate will affect the ability of an individual mushroom to utilize the 
lignocellulosic components as nutritional sources. Many commonly cultivated 
mushrooms are white-rot fimgi which produce copious amount of extracellular 
laccase (benzenediol: oxygen oxidoreductase, EC 1.10.3,2). The primary 
substrate of laccase is a wide range of phenolic compounds and the enzyme is 
believed to play a role in the inactivation of the phenolic monomers associated 
with the lignocellulose. 
In the present study, the abilities of two commonly cultivated mushrooms, 
Pleurotus sajor-caju and Flammulina velutipes, to grow on several phenolic 
monomers were studied in relation to fungal laccase production. P, sajor-caju 
was generally more tolerant to phenolic monomers than F. velutipes. The growth 
of P. sajor-caju was actually stimulated by many of the compounds examined. 
Phenolic acids of the type present in Gramineae were appreciably more inhibitory 
to F. velutipes, whereas phenolic aldehydes were toxic to both mushrooms. 
Laccase production by P. sajor-caju was enhanced by addition of phenolic 
monomers. Non-denaturing polyacrylamide gel electrophoresis revealed that the 
fungus produced multiple forms of laccase. In the case of certain phenolic 
monomers, both qualitative and quantitative effects on laccase production were 
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observed. Conversely, F. velutipes produced only low but detectable amounts of 
a single form of laccase. A positive correlation was demonstrated between the 
mushrooms' tolerance/sensitivity to phenolic monomers and the ability to produce 
laccase. 
In order to clarify the nature of laccases produced by P. sajor-caju, a 
selected isoenzyme was purified and its main structural and physiochemical 
properties characterized. Laccase IV was purified from the culture filtrate by 
standard protein purification procedures: ultrafiltration, ammonium sulphate 
precipitation, DEAE-Sepharose chromatography and preparative gel 
electrophoresis. Purified laccase (laccase IV) showed a relative molecular weight 
of 55 kDa after SDS-polyacrylamide gel electrophoresis. The influence of pH and 
temperature on the activity and stability of the isolated enzyme were also 
investigated. The enzyme was found to be inhibited by various metal-chelating 
agents. The K ^ for ABTS was 0.092 m M and the isoelectric point was 3.6. 
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1. Introduction 
1.1 Edible mushrooms 
More than half of the total plant materials produced annually remain 
unused as waste matter and the disposal of these residues becomes difficult and 
costly. Most of these wastes are generated through the activities of agricultural 
and forestry industries and could be used as alternative food sources after proper 
treatment and processing. The cultivation of edible mushrooms utilizes these 
wastes and provides a means of alleviating environmental pollution, thus 
transforming the inedible waste to edible biomass which is generally accepted as 
a food of high quality, flavour and nutritive value (Chang and Miles, 1989). Over 
the past 30 years, world production of cultivated mushrooms has increased 
markedly. This increase has been especially evident during the past decade and 
the trend is expected to continue in the future (Chang and Miles, 1991). 
1 . 1 . 1 Pleurotus sajor-caju 
The Pleurotus mushroom is generally called the oyster mushroom because 
of the spatulate pileus and eccentric stipe. World-wide production of Pleurotus 
mushrooms has increased at an accelerated rate, i.e. 437.9 % , from 1986 to 1990 
(Chang and Miles, 1991). In 1990，production of Pleurotus spp. reached one 
million metric tons and accounted for 24 % of total mushroom production 
worldwide. The mushrooms are appreciated for their fragrant and delicious 
flavour. 
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Pleurotus sajor-caju (phoenix-tail mushroom) was isolated in India. In 
nature，it lives on dead wood such as oak, elm, maple, bass, poplar, holly and 
laburnum as a saprophyte and primary decomposer (Zadrazil and Kurtzman, 
1982). The mushroom was regarded as the most promising species for tropical 
and subtropical cultivation (Kurtzman and Zadrazil, 1982). Buchanan (1993) 
pointed out that its scientific name was misapplied and that several strains 
labelled P. sajor-caju have been misidentified and are intercompatible with P. 
pulmonarius. 
Various strains of Pleurotus mushrooms can utilize woody materials and 
straws efficiently by degrading their lignocellulosic components: lignin, cellulose 
and hemicelluloses. Cellulolytic enzymes, such as carboxymethyl-cellulase 
(CMCase) and p-glucosidase, were detected in Pleurotus pulmonarius (Masaphy 
and Levanon, 1992) . Pleurotus sajor-caju was able to consume half the amount 
of hemicellulose in wheat straw (Moyson and Verachtert, 1991). The ligninolytic 
system of Pleurotus mushrooms has not been adequately defined, but there is an 
indication that it is different from that of other white-rot fixngi. Masaphy and 
Levanon (1992) found no evidence for the presence of lignin peroxidase in the 
growth medium of Pleurotus ostreatus. 
1 . 1 . 2 Flammulina velutipes 
Flammulina (= Collybia) velutipes is one of the major cultivated 
mushrooms worldwide, although its popularity is largely restricted to Asia (Fultz, 
1988). It was sixth in total worldwide production of edible mushrooms in 1989-
1990 (Chang and Miles, 1991) and was second only to Lentinus edodes (Shiitake) 
in terms of the fresh weight of mushrooms produced in Japan. The mushroom is 
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now readily accepted in the western world because of its taste, texture and 
pleasing appearance (Chang and Miles, 1989). 
The fimgus is found growing universally on a variety of broad-leaved 
trees. Indeed, the English common name, "winter mushroom", appears very 
appropriate, since the fruiting bodies typically appear on the trunks and stumps of 
elms during the colder months of the year (Chang and Miles, 1989). The 
mushrooms can survive freezing night temperatures and continue to produce 
spores upon the return of daytime temperatures to above freezing levels (Ingold, 
1981). 
Flammulina has been used as an experimental organism in laboratories all 
over the world. The organism has a strict requirement for low temperatures in 
order to fruit and most studies have been directed to the formation of the fruiting 
bodies (Fultz, 1988; Gruen, 1983; Gruen, 1991 and McKnight, 1992). Cultivation 
of the mushrooms was initially carried out on woodlogs, but now cultivation on 
sawdust incorporated with rice bran is commonly employed in Japan (Chang and 
Miles, 1989). Interestingly, the mycelial growth occurs over a wide range of 
temperature range from below 0 °C to 33 with the optimal around 25 °C. This 
value is significantly higher than the fruiting temperature. The colonization of the 
lignocellulose by the fungal mycelium involves complexes of lignocellulolytic 
enzymes which may require higher temperature for optimal activities. Curiously, 
there are few reports in the scientific literature of the lignocellulolytic enzymes 
produced by Flammulina velutipes. 
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1.2 Lignocellulose and phenolic monomers 
A variety of lignocellulosic wastes have been employed both traditionally 
and currently as substrates for the cultivation of edible mushrooms. Pleurotus 
mushrooms, for example, are relatively easy to grow and of broad adaptability. 
They are able to utilize many plant residues, ranging from cereal straw to 
sawdust, for extensive growth and fruit body development. On the other hand, 
Flammulina velutipes, prefers highly lignified substrates like woodlogs and 
sawdust (Chang and Miles, 1989; Quimio et al.，1990), The ability of different 
mushrooms to grow on a particular plant residue is correlated to both the ftmgal-
and substrate-associated factors. Extracellular hydrolytic and oxidative enzymes 
are the major fimgal-associated factors determining the ability of the fimgi to 
utilize the major components in the lignocellulosic waste as nutritional sources. 
Substrate-associated factors include the presence of low molecular weight 
phenolic compounds which limit the growth of certain mushroom species 
(BusweU etal, 1993). 
1.2.1 Sources of phenolic monomers 
Two families of phenolic monomers are commonly found in plants, a 
range of substituted benzoic (Cg-Ci) acid derivatives and those derived from 
ciimamic (Cg-C)) acid which are very widespread (Jefferies, 1990; Walker, 
1975). Certain monomelic aromatic aldehydes are also associated with forage 
crops (Chemey et al., 1989). The chemical structures of different phenolic 
monomers are shown in Figure 1.1. 
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Benzaldehydes 
C H O C H O 
O H O H 
4-hydroxybeiizaldehyde vanillin 
Benzoic acids 
C O O H C O O H C O O H 
6 A 
O H O H O H 
4-hydroxybenzoic vanillic acid syringic acid 
acid 
Cinnamic acids 
C O O H C O O H C O O H 
C H C H CH 
H C H C H C 
6 D & 
O H O H O H 
/^ -coumaric acid femlic acid caffeic acid 
Figure 1.1 Structures of phenolic monomers in plant. 
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Various sources of phenolic monomers were reported in lignocellulosic 
wastes. However, these monomers do not normally occur free but are bound to 
lignin hemicellulose through ester linkages. 4-Hydroxybenzoic acid and p-
coumaric acid occur in large amounts as combined forms in lignin (Walker, 
1975) from which they can be liberated by alkaline hydrolysis. Esters of p-
coumaric acid in sugar cane lignin and of 4-hydroxybenzoic acid in aspen lignin 
were first demonstrated by Smith (1955) who proposed that the carboxyl group of 
4-hydroxybenzoic acid is esterified to the lignin in the a-position of the 
phenylpropane moiety (Figure L2). Esterified /7-comnaric acid can comprise 5 % 
to 10 % of the total weight of isolated grass or bamboo lignin (Jefferies, 1990). 
The majority of �7-coumaric acid molecules in bamboo and grass lignin are 
esterified to the terminal�carbon of the propane side chain of the lignin 
phenylpropane (Jefferies, 1990) (Figure 1.3). On the other hand, ferulic acid is 
mainly esterified with hemicellulose (Jefferies, 1990; Smith and Hartley, 1983). 
Feruloyated arabinoxylans have been isolated from the lignocellolosic residues of 
bagasse (Jefferies, 1990)，barley straw (Hartley and Mueller-Harvey, 1986) and 
wheat bran (Smith and Hartley, 1983). All these products contained ferulic acid 
ester-linked to arabinose which, in turn, was linked to xylose (Figure 1.4). In 
some cases, such as wheat straw and barley straw, /?-coiimaroyl arabinoxylan was 
also isolated (Akin et al.，1993; Hartley and Mueller-Harvey, 1986; Scalbert et 
al.，1985). 
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4 -hydroxybenzo ic 
I acid 
OCH3 ^ A � � . 
OH 
Figure 1.2 Proposed structure for lignin-4-hydroxybenzoic acid 
ester in aspen (Jefferies, 1990) 
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OH P 
/ p - ( l - » 4 ) - D - X y i a n 
�OH / 
Femlic acid ^ / Arabmofuranose 
/ r \ H z \ 〇H 
CH3O H 0 
Figure 1.4 Ferulic acid ester linkage to grass arabinoxylan 
(Jefferies, 1990). 
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Several of these phenolic monomers are found as lignin degradation 
products in the degraded UgnoceUulosic substrates (Chen and Chang, 1985; 
Eriksson et al 1984 ). Vanillic acid can be detected in high amounts after 
oxidative degradation of spruce milled wood lignin (Ander et al 1980). It is also 
a key intermediate metabolite in the degradation of lignin and lignin-related 
aromatics by white rot fimgi and other microorganisms (Ander et al. 1980; 
Fukuzumi 1980). Femlic acid is a precursor in lignin biosynthesis (Walker 1975) 
and is also a product of lignin degradation (Gupta et al. 1981). The metabolism of 
femlic acid by a high phenol oxidase producer, Pestalotia palmarum, a 
micromycete, led to the production of vanillic acid and vanillin (Rahouti et al. 
1989). Small amounts of vanillic acid were also detected during the metabolism 
of femlic acid by the white rot fungus Phanerochaete chrysosporium (Gupta et 
al 1981). 
Syringyl (3,5-dimethoxy-4-hydroxyphenyl) structures exist mainly in 
hardwood lignins (Eriksson et al. 1984). It has been demonstrated by Henderson 
(1963) that syringic acid was released from birch sawdust after attack by the two 
white rot fungi Polystictus versicolor and Trametes pini (Eriksson et al. 1984). 
1.2.2 Toxicity of phenolic monomers 
The antimicrobial and antifimgal activity of phenolic compounds has been 
known since the days of Pasteur and Lord Lister (Walker, 1975) and phenolics 
have long been used as food preservatives against microbial growth (Bomeman et 
al.，1986). Several low molecular weight phenolics are secreted by plants as 
allelochemicals. Plants of the tribe Lactuceae contain a diverse range of 
potentially harmful phenolics including caffeic acid and femlic acid (Kansenberg 
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and Traquair, 1987). These authors demonstrated that the two phenolic 
monomers were both effective in inhibiting the growth of a pathogenic fimgus, 
Fusarium oxysporium f.sp. radicis-lycopersicU in vitro. They suggested that the 
compounds may be part of the allelopathic biocontrol mechanism. 
It has been well documented that phenolic acids inhibit the growth of 
cellulolytic ruminal bacteria (Bomeman et al., 1986; Chesson et aL, 1982; Martin 
and Akin, 1988; Theodorou et al,, 1987). Compounds especially toxic were p-
comnaric acid, ferulic acid, 4-hydroxybenzaldehyde and vanillin. Chesson et al. 
(1982) demonstrated that both �7-comnaric acid and ferulic acid, when included in 
simple sugar medium at concentrations higher than 5 m M , suppressed the growth 
of the cellulolytic bacteria Ruminococcus albus, Ruminococcus flavofaciens and 
Bacteroides succinogenes. Bomeman et al. (1986) reported dose response 
inhibition of the growth of the ruminal bacteria Butyrivibrio fibrisolvens and 
Lachnospira multiparas by p-comnaric acid and 4-hydroxybenzaldehyde. 
Vanillin has also been found to retard the growth of Bacteriodes ruminicola 
(Martin and Akin, 1988). 
Many phenolic monomers such as /7-coumaric acid and ferulic acid limit 
the biodegradation of plant fibre. Akin et al (1993) showed that, in order to 
utilize the phenolic acid-carbohydrate complex, the microorganisms have to 
possess esterase activity to release the phenolic acids. However, these compounds 
have been implicated in the inhibition of microbial enzymes involved in the 
utilization of the polysaccharide components of lignocellulose. The extent of 
cellulose digestion by R. flavofaciens and B. succinogenes was substantially 
reduced by ferulic acid and /7-comnaric acid (Chesson et al, 1982). Martin and 
Akin (1988) showed that both j!7-coumaric acid and vanillin inhibited the 
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extracellular CMCase activity of B. succinogenes while j^-coumaric acid inhibited 
the extracellular xylanase activity of this bacterium, as well as the membrane-
associated P-glucosidase. Akin et al (1988) observed that �7-coumaric acid 
depressed the association of BactenodesAikt cells to plant cell walls. Several 
phenolic monomers were also found to inhibit extracellular cellulose- and 
hemicellulose-degrading fimgal enzymes (Martin and Akin, 1988). 
In short, lignocellulose of the type used for mushroom cultivation often 
contain phenolic monomers which can be released during fungal attack on the 
plant cell wall. Several of these monomers are reported to inhibit the growth of 
cellulolytic bacteria and fimgi, and microbial enzymes involved in the utilization 
of cellulosic and hemicellulosic constituents of plant cell wall. Since the 
mushroom mycelium is intimately associated with the lignocellulosic components 
undergoing degradation in the substrate, it seems likely to encounter localized 
high concentrations of phenolic monomers. However, edible mushrooms, such as 
Pleurotus sajor-caju and Flammulina velutipes, can flourish and fruit 
successfully on lignocellulosic wastes. Wheat straw, a commonly employed 
substrate for mushroom cultivation, was found to contain high levels of p-
coumaric and ferulic acid, having concentrations of 5451 and 444 mg/kg dry 
weight respectively (Chemey et al., 1989). The same material can support a high 
yield of Pleurotus mushrooms. Biological efficiency, the yield of mushrooms in 
proportion to the dry weight of the compost at spawning, was over 85 % for 
various species of Pleurotus growing on wheat straw (Qmmio et al., 1990). Thus, 
the mushroom fungi appear to be capable of reducing any toxic effect of phenolic 
monomers during their growth on lignocellulose. 
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1.3 Fungal laccases 
Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) from 
different fungi have been implicated in protecting the fungus from the effects of 
toxic phenolic monomers (Assavaig et al.，1992). They are a type of 
phenoloxidase which are of widespread occurrence in higher plants and ftmgi 
(Mayer, 1987; Mayer and Hard, 1979; Thurston, 1994). The enzyme was first 
detected and characterized from the latex of Japanese lacquer tree, Rhus 
vernicifera (Mayer and Hard, 1979) where it was thought to oxidatively 
polymerize the lipophilic alkene-catechol compounds to form hard black lacquer. 
1.3.1 Occurrence 
Today, it is clear that laccase is present in very many fungi belonging to 
various classes. The enzyme is produced by the ascomycetes Neurospora crassa 
(Froehner and Eriksson, 1974) and Monocillium indicum Saxena (Thakker et al., 
1992), by the deuteromycete wine fungus Botrytis cinerea (Bollag and 
Leonowicz, 1984)，by the zygomycetes Mortierella bainieri and Syncephalastrum 
racemosum (Seigle-Murandi et al, 1992) and by several genera of 
basidiomycetes. Secretion of extracellular laccase is a common property among 、 
basidiomycete fimgi. It represents a major protein produced by Agaricus 
bisporus, constituting about 2 % of the mycelial protein (Wood, 1980). The 
enzyme has been purified and characterized from many basidiomycete fimgi like 
Agaricus bisporus (Wood, 1980)，Armillaria mellea (Rehman and Thurston, 
1992)，Coriolus versicolor (Morohoshi, 1990)，Fomes annosus (Haars and 
Huttermann, 1980)，Lentinus edodesJhQ2it\v?m and Stahmann, 1981)，Pycnoporus 
coccineus (Oda et al” 1991) and Schizophyllum commune (De Vries et al.，1986). 
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The laccase-producing soil fimgus Rhizoctonia praticola also belongs to the 
basidiomycete class (Bollag and Leonowicz, 1984). 
Initial interest in laccase was related to the use of enzyme production as a 
fungal taxonomic tool. In 1928, Bavendamm grouped wood-rotting fungi into 
white-rot fungi which produce extracellular phenoloxidases, and brown-rot fungi, 
which do not have this ability (Ishihara, 1980; Niku-Paavola et al” 1990a; 
Walker, 1975). These two types of fungi can be discriminated by colouration 
around the mycelium growing on an agar plate caused by the secretion of 
phenoloxidases by white-rot fimgi when certain phenolic compounds are present 
in the medium. Niku-Paavola et al (1990a) described a method for distinguishing 
between white-rot fungi producing laccase and brown-rot fungi producing catehol 
oxidase by incorporating a redox indicator, 2,2'-azino-di(3-ethylbenothialme-6-
sulfonic acid) (ABTS) into the agar medium. Laccase oxidizes ABTS to form a 
cation radical which produces a blue-green coloration of the medium during the 
growth of white rot fimgi. 
1.3.2 Laccase reaction 
Laccase is a blue copper glycoprotein capable of oxidizing phenols and 
polyphenols by one electron abstraction giving radicals which can subsequently 
polymerize (Bourbonnais and Paice, 1990). Figure 1.5 shows the reaction which 
is characteristic of laccase and is the main criterion according to which the 
enzyme is classified. All known laccases oxidize o-diphenols of the catechol type 
(Mayer and Harel, 1979) but certain methoxy-substituted monophenols are often 
better substrates (Thurston, 1994). In addition, most laccases oxidize the diamine 
�?-phenylenediamine. Syringaldazine (Haikin et al., 1974) and ABTS (Niku-
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Paavola，1990a) were considered as unique substrates for the assay of laccase 
activity. Thurston (1994) stated that it was difficult to define laccase because of 
its overlapping substrate range with other oxidases, such as tyrosinase, and its 
relatively non-specific substrate range. In general, this author concluded that the 
enzyme can oxidize polyphenols, methoxy-substituted phenols, diamine and a 





Figure 1.5 The typical laccase reaction. A diphenol undergoes a 
one-electron oxidation to form an oxygen-centred free radical. 
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The free radicals resulting from the oxidation of laccase may undergo a 
variety of non-enzymic reactions (Kirk and Shimada, 1985) (Figure 1.6) 
including polymerization via oxidative coupling (Figure 1.6，reaction A), C a -
oxidation (Figure 1.6, reaction B), alkyl-phenyl cleavage (Figure 1.6, reaction C), 
and demethylation (Figure 1.6，reaction D). Identification of catalytic products 
formed from phenolic lignin models by Phanerochaete chrysosponum and 
Fusarium solani have established that degradation proceeds via phenoloxidase-
mediated alkyl-phenyl cleavage (Figure 1.6，reaction C). Such reactions may be 
important in the degradation of phenolic units in lignin and of phenolic 
intermediates released during polymer decomposition (Kirk and Shimada, 1985). 
However, polymerization reaction predominates in in vitro experiments using 
purified laccases and peroxidases (Figure 1.6，reaction A). Such polymerization, 
however, may be limited by other reducing enzymes such as quinone-reducing 
enzyme (Westermark and Eriksson, 1974). 
Thurston (1994) suggested that laccase, in a sense, “ must operate as a 





z f i _ … o r C , , fAl (A) 
P0(-2 -") � Couoling 
OCH po lymer i za t i on 
^ 3 ] \ OCH, 
OH \ L �0 ]」 ( 
「 ？ - 入 1 “ 
�-OH \ 
‘  \ Oisproportionation 
r T T � 
^ ^ O C H � CHOR -j ^ - C 0 
n、 」 R-hNv^ ^ 1 Qui none 
° \ f � ^ methide 
^ ^ �Lr 1 
C=0 0 or 广 
� R-H t POH 
/ V k 1 L o ? ] 」 
© / o l。CH] ^ 
J Po'l ]f OCH] 
Olsproportlonation oJ|j � ^ � 
(-2 e") . 
y-" A 
r ( CHO-^^^Z I 
0 
OH 0 
I OCH COOH ^ ^ 
J© � � / v ^ , ; ； ： ^ 
X H O y/^ 3 Olsproportlonation Q 
FHOC^ ' OH 1 / / 。H ( - 2 r ) \ 
O U L 
- o \ 1 。 
H� 
Figure 1.6. Reactions of a lignin substructure catalyzed by a 
phenoloxidase : A - polymerization by coupling reaction; B - Ca 
oxidation; C - alkyl-phenyl cleavage; D - demethylation (Kirk 
and Shimada, 1985) 
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1.3.3 Physiological functions 
For many years the precise biological function of this enzyme has 
remained a mystery. It has been implicated in the morphogenesis of 
basidiomycete fimgi, delignification by white-rot fimgi, and in the virulence of 
pathogenic fimgi. 
Morphogenesis 
Laccase apparently has a role in sexual fruiting. Leatham and Stahmann 
(1981) reported increased extracellular laccase activity associated with the rapid 
growth of non-pigmented aerial mycelium and in the formation of pigmented 
primordia and fruiting bodies in Lentinus edodes. They suggested that laccase 
and other phenoloxidases may participate in pigmentation and hypothesized that 
"during morphogenesis in higher fungi the phenol oxidase-catalyzed formation of 
extracellular pigments is coupled to oxidative polymerization of cell wall 
components strengthening cell-to-cell adhesion 
A possible link between laccase and fruit body development has been 
demonstrated in Schizophyllum commune and Agaricus bisporus. Leslie and 
Leonard (1979) found a correlation between fructification in S. commune and the 
presence of extracellular laccase. De Vries et al. (1986) reported that dikaryotic 
strains of the mushroom produced high amounts of laccase while the 
monokaryotic strains did not. However, they found that the condition for 
maximum laccase production was totally different from that of fruit body 
formation suggested that a functional significance of laccase in fructification can 
still be entertained. Wood (1980) described the accumulation of extracellular 
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laccase activity during vegetative growth of A. bispoms followed by rapid 
decline in enzyme activity shortly after the onset of fruit body formation. This 
accumulation and inactivation cycle was repeated with successive flushes of fruit 
bodies when they were harvested during commercial production. It was believed 
that the enzyme was under a certain form of developmental regulation which 
might be correlated to fruit body construction. 
The development of rhizomorphs, similar to roots in external appearance, 
and laccase activity was also positively correlated in Armillaria mellea (Worrall 
et al., 1986). This fungus is a very damaging root-rotting pathogen of forest and 
orchard trees. Root infection by these strand-like structures formed of numerous 
hyphae is a method of vegetative spread of the pathogen in forest stands. It is 
possible that laccase oxidizes phenolic compounds to polyphenols which act as a 
glue that sticks the hyphae together (Thurston, 1994). 
Pathogenicity 
Marbach et al. (1985) suggested that, in the case of Botrytis cinerea, 
laccase formation may be closely linked with phytopathogenicity of the fungus 
since infection and laccase secretion appear to be correlated. Reduced infectivity 
was demonstrated in the fungus when the host tissues were treated with inhibitors 
of laccase activity (Bar-Nun et al” 1988). Laccase secretion by the pathogen was 
induced synergistically by gallic acid and pectin (Marbach et al,, 1985). It was 
believed that, during infection, the ftingus will encounter high levels of 
phytoalexins (frequently phenolic in nature) and pectin released from host cell 
walls. Marbach et al (1985) suggested that laccase might be one of the enzyme 
systems used by the pathogen to inactivate the phytoalexins. 
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Rigling et al, (1989) also demonstrated a possible role for laccase in the 
pathogenesis of the chestnut blight fimgus, Cryphonectrica parasitica. The 
laccase of this fimgus has attracted interest recently because it is one of a number 
of fimgal gene products which are specifically suppressed in the presence of a 
virus which is its biological control agent. Chestnut tree contains large amounts 
of bark and the fimgus must be able to tolerate relatively high levels of tannin. 
Little is known about the basis for the virulence of C parasitica but the 
production of extracellular laccase by the fungus could play a role in the 
postulated tolerance to host polyphenolics (Rigling and Van Alfen, 1993). 
Evidence in support of such a role is the discovery that an extracellular laccase of 
the fimgus is produced in much lower quantities by virus-infected strains than by 
normal strains (Rigling et al., 1989). 
Lignin Biodegradation 
Considerable attention has been focused on the function of the fimgal 
laccase in the biodegradation of lignin. Although the biochemical mechanisms of 
lignin degradation have been extensively studied (Buswell, 1991; Buswell and 
Odier, 1987; Kirk and Farrell, 1987 )�there is a great deal of evidence in support 
of a role for laccase in lignin breakdown. The enzyme is known to catalyze the 
removal of one electron from phenolic hydroxyl groups in lignin and lignin 
related compounds, producing phenoxy radicals that undergo a variety of 
reactions (Kirk and FarreU, 1987). There is positive correlation between 
ligninolytic ability and a positive Bavendanun reaction in many basidiomycetes 
(Ishihara, 1980). It is apparent that the laccase secreted only by white-rot fimgi 
brings about the colour reaction (Morohoshi, 1990). Ander and Eriksson (1976) 
compared the lignin degradative abilities of a phenol oxidase-less mutant and a 
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phenol oxidase-positive revertant of Sporotnchum pulverulentum. They reported 
an impaired lignin-degrading ability in the phenoloxidase-deficient mutant of the 
ftingus while the activity was regained in the phenol oxidase-positive revertant. 
Addition of purified laccase to kraft ligniti-containing agar cultures of the mutant 
also restored its ability to degrade kraft lignin. This was the first strong evidence 
for an obligatory role of phenol oxidases, including laccase, in the biodegradation 
of lignin. 
In addition to the well-recognized oxidative activity, Bourboimais and 
Paice (1992) reported that laccase from the fungus Trametes vesicolor also 
demethylated phenolic lignin substructures. Demethylation was accompanied by 
the release of methanol. The enzyme, in the presence of ABTS, catalyses both 
methanol release and the delignification of kraft pulp. ABTS, which forms a 
stable radical cation when oxidized by laccase, has been proposed to act as redox 
mediator in the oxidation of non-phenolic lignin model compounds (Bourboimais 
and Paice, 1990). Therefore, the substrate range of laccase could be extended to 
non-phenolic lignin substructures by the presence of a primary laccase substrate, 
i.e. a substrate like ABTS that can generate a stable radical. This is important 
since phenolic subunits are relatively infrequent in lignin structures and represent 
only about one in three C-9 units in spruce wood lignin (Bourboimais and Paice, 
1990). If oxidation is limited to phenolic subunits, then bulk delignification, 
which requires many bonds of the three-dimensional polymer to be broken, is 
highly unlikely. The observation outlined above suggests that laccase could play 
a role in lignin depolymerization which is as significant as that of lignin 
peroxidase. 
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Galliano et al, (1991) demonstrated the synergistic action of laccase and 
manganese peroxidase in lignin degradation by Rigidoporus lignosus. Neither 
purified laccase nor manganese peroxidase alone was able to solubiUze 
radioactive Hevea lignins efficiently. However, lignin degradation was extensive 
when the two enzymes together were added to the medimn at the same time. 
Glucose oxidase may also be involved in this ligninolysis mechanism, probably 
by preventing the repolymerization of the radicals formed by the two oxidative 
enzymes. 
The role of laccase in lignin biodegradation has attracted the interest of 
many lignin chemists, plant pathologists, and microbiologists. However, its 
precise function in ligninolysis remains unresolved. Thurston (1994) has 
suggested that the association of laccase activity with many white-rot fimgi is 
unlikely to be coincidental Many authors (Bollag et a l , 1988; Ishihara, 1978; 
Wood, 1985) have pointed out that the enzyme may not be involved in the direct 
breakdown of lignin, but may participate indirectly by detoxifying some highly 
reactive species produced by other ligninolytic enzymes. 
1.4 Purpose of study 
The precise biological function of laccase is still unclear. Assavanig et al 
(1992) suggested that the enzyme may have different fimctions under different 
environmental conditions. Bollag and Leonowicz (1984) found that the number 
of laccase proteins produced could vary between species and also within a 
species under induced and non-induced conditions. Thus, the in vivo ftmction of 
laccase is still open to speculation. 
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Pleurotus mushrooms are recognized laccase producers (Bollag and 
Leonowicz, 1984; Bresinsky et al., 1987; Dhaliwal, 1992) which secrete copius 
amounts of extracellular laccase during mycelial growth. As mentioned earlier, 
these mushrooms are able to flourish and fruit on a range of lignocellulosic 
wastes containing considerable amounts of potentially toxic monomelic phenols. 
The apparent role of laccase in some pathogenic fimgi suggested that the enzyme 
can improve the virulence towards plants by inactivation of otherwise toxic 
phytoalexins or phenolics. Laccase from Rhizoctonia praticola was able to 
detoxify some phenolic pollutants by cross-coupling with other phenols (Bollag 
et aL, 1988). Therefore, it is not unreasonable to postulate that laccase may 
represent a fungal-associated factor related to the ability of Pleurotus mushrooms 
to tolerate the low molecular weight phenolic monomers, a substrate-associated 
factor. 
Pleurotus sajor-caju and Flammulina velutipes were chosen for the 
present study. Laccase is the only lignin degradation-related enzyme found in P. 
sajor-caju (Kerem et al., 1992; Masaphy and Levanon, 1992). On the other hand, 
very little is known about laccase activity in F. velutipes. In order to assess the 
importance of laccase for the two mushrooms, growth of the ftmgi and enzyme 
production in the presence of different phenolic monomers were examined. 
Electrophoretic patterns of laccase proteins were also compared under different 
growth conditions. Such an approach may provide some insight into the 
biological ftmction of the enzyme. The present study also describes the 
purification of selected laccase proteins produced by the mushrooms. An 
isoenzyme from P. sajor-caju has been purified and its catalytic properties 
characterized. 
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2. Materials and Methods 
2.1 General 
2.1.1 Organisms 
Two mushroom species were investigated in the present study. They were 
Pleurotus sajor-caju (Pl-27) and Flammulina velutipes (Fl-5). The fimgi were 
obtained from the culture collection of this Department and maintained at 4 °C on 
Potato Dextrose Agar (PDA) slants with periodic transfer. 
2.1.2 Culture medium 
P D A (Difco) and Potato Dextrose Broth (PDB) (Difco) were used as the 
culture media in the present study. Media were adjusted to pH 6.0 with 2M 
potassium hydroxide prior to autoclaving at 121 °C for 20 minutes. Unless 
otherwise stated, cultures of both mushrooms was incubated at room temperature 
(25 � 1 °C). 
2.1.3 Addition of phenolic compounds 
Phenolic monomers were added as filter-sterilized aqueous solutions 
(stock solution 50 m M , pH 6.0) to the autoclaved culture medium. Solubilization 
was facilitated by conversion to potassium salts by addition of 2M K O H . The 
following phenolic monomers were investigated : 4-hydroxybenzoic acid, 3-
methoxy-4-hydroxybenzoic (vanillic) acid, 3,5-(iimethoxy^-hydroxybenzoic 
(syringic) acid, 4-hydroxyciimaimc (p-comnaric) acid, 3-methoxy-4-
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hydroxyciimamic (ferulic) acid, 3�4-dihydroxyciimamic (caffeic) acid, 4-
hydroxybenzaldehyde and 3-methoxy-4-hy(iroxybenzaldehyde (vanillin). 
2.2 Effect of phenolic monomers on the growth of mushroom 
mycelium on agar plates 
P D A plates supplemented with 0.5，1, 2 or 5 m M phenolic monomer were 
inoculated in the centre with a 5-nim agar disc taken from the growing edge of a 
fimgal culture grown in the absence of phenolic compound. The plates were 
incubated in the dark for 7 days. Radial growth at four equi-distant points was 
measured at periodic intervals and the average was used to assess the effect of the 
added phenolic compound. Each treatment was performed in triplicate. 
2.3 Effect of phenolic compounds on the production of fungal 
biomass in liquid culture 
Triplicate PDB cultures (25 ml PDB in 150-ml Erlemneyer flasks) were 
used to determine the effect of phenolic compounds on fimgal biomass 
production in liquid culture. The medium was supplemented with 0.5, 1, 2 or 5 
m M phenolic monomer prior to inoculation with a 5-mm agar disc taken from the 
growing edge of the a fimgal culture grown in the absence of phenolic compound. 
After inoculation, the flasks were incubated in the dark without agitation. On day 
7，all cultures were harvested and the dry weight was determined by filtering the 
cultures through tared filter paper. Mycelia were washed twice with 30 ml of 
distilled water, dried at 80 for 12 hours and weighed. 
25 
2.4 Effect of phenolic monomers on extracellular laccase 
production by P. sajor-caju and F. velutipes 
The extracellular laccase activities of the two mushrooms were assayed at 
various intervals over the experimental period. Dry weight determinations were 
also taken at the same time. For this experiment, 15 replicate cultures were 
prepared for each set of conditions, and three culture flasks harvested per time 
point (every 3 days). Cultures were prepared and inoculated in the same way as in 
the biomass study except that the medium was supplemented with only 2 m M of 
the phenolic compound under test. 
2.5 Assay of laccase activity 
Laccase activity was determined using (2， 2'-azino-di(3-
ethylbeiizothiazoline-6-sulfonic acid)) (ABTS) as substrate. Laccase oxidizes 
ABTS to form a blue-green cation radical (Niku-Paavola et al” 1990). Oxidation 
of ABTS was measured by monitoring the linear increase in absorbance at 420 
n m (8420 = 3.6 x 104 M-i.cm-i) at 25°C. Enzyme activities were expressed as 
International Units (lU = jimol min-i). The assay mixture consisted of 0.75 ml 50 
m M sodium acetate buffer at pH 4.2 and 1 ml 5 m M ABTS. The reaction was 
initiated by addition of 0.25 ml culture filtrate and values corrected for increase in 
A420 observed in the absence of enzyme. The enzyme activity per ml of culture 
filtrate was calculated from the following equation : 
Enzyme activity 二（1000 x A x V) / (e x d x v) [lU . m H ] 
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where A = increase in A420 in one minute 
V = assay volume (ml) 
extinction coefficient (M-i.cm-i) 
d = light path (cm) 
V = volume of sample used in assay (ml) 
This assay method is considered as the standard assay in the present 
investigation. 
2.6 Electrophoretic patterns of laccase proteins 
2.6.1 Non-denaturing polyacrylamide electrophoresis 
To compare the electrophoretic patterns of laccase proteins produced by 
the two mushrooms in medium supplemented with different phenolic monomers, 
samples of culture filtrate were collected at the peak of laccase activity and 
concentrated 10-fold using a Speed-Vac concentrator. One volume of a solution 
containing 20 % (w/v) sucrose and 0.05 % (w/v) bromophenol blue was added to 
four volumes of the concentrated samples. About 20 |xl of this preparation (15 |Xg 
protein) was applied to a 0.75 m m thick 10 % polyacrylamide gel. 
Electrophoresis of the laccase preparations was carried out in a Tris-glycine 
system at pH 8.8 in an ice bath. The process was continued at 200 volts for 40 
minutes. 
2.6.2 Localization of enzyme activity 
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Following electrophoresis, the gel was rinsed in three changes of 50 m M 
sodium acetate buffer at pH 4.2, and then suspended in the same buffer 
containing 5 m M ABTS. Regions of laccase activity appeared within 15 minutes 
as green bands. Although the bands were initially well-defined, the green colour 
rapidly diffused throughout the gel which were photographed shortly after 
exposure to the activity stain. 
2.7 Purification of extracellular laccases from Pleurotus 
sajor-caju 
2.7.1 Inoculum preparation 
P. sajor-caju was grown on P D A plates in the dark at 25。C until the 
mycelial growth almost covered the agar surface (6 to 7 days). Mycelium and 
agar from 5 plates was then homogenized in 200 ml sterile distilled water in a 
sterilized blender operated at fiill speed for 30 seconds, and the resulting slurry 
used as inoculum. 
2.7.2 Culture conditions 
In order to produce sufficient amounts of extracellular laccase for 
purification, 5 ml aliquots of inoculum were added to 2-litre Erlemneyer flasks 
containing 300 ml PDB medium supplemented with 2 m M p-coumaric acid. A 
total of 12 flasks were inoculated to prepare a single batch of enzyme. Cultures 
were kept stationary in the dark and laccase activity monitored periodically. 
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Cultures were harvested on day 16 when a reasonable level of enzyme activity 
was detected. 
2.7.3 Concentration of the culture supernatant 
Cultures were filtered through cheese cloth and the culture filtrate 
centrifiiged at 20,000 g for 20 minutes to remove any remaining suspended 
mycelium. The supernatant was then filtered through glass fibre filter paper 
(Whatman GF/A) and the filtrate concentrated 20-fold by ultrafiltration using the 
Millipore system fitted with a Pellicon membrane (molecular weight cut-off, 
10,000 daltons). Subsequent operations were carried out at 4。C. 
2.7.4 Ammonium sulphate fractionation 
Solid ammonium sulfate was added slowly to a stirred solution of the 
supernatant to achieve 45 % saturation. After standing for 8 hours, the precipitate 
was removed by centrifugation at 20,000 g for 25 minutes. The supernatant was 
then brought to 85 % saturation with respect to ammonium sulphate and allowed 
to stand overnight. The precipitate was collected by centrifugation as above and 
dissolved in 10 ml of 10 m M potassium phosphate buffer, pH 7.0 (hereafter, 
referred to as buffer X). This solution was dialyzed for 8 hours against two 
changes of buffer X. 
2.7.5 Anion exchange chromatography 
Dialyzed extract (8.5 ml), a dark brown liquid, was loaded onto a DEAE-
Sepharose column (2.6 cm x 30 cm), previously equilibrated with 200 ml buffer 
29 
X. The remaining sample was washed from the column wall by applying small 
amounts of buffer X and a 1-cm layer of buffer X pipetted onto the top of the gel. 
The column was washed with five volumes of buffer X to remove the unbound 
proteins and then connected to a gradient mixer and eluted with a 400-ml linear 
gradient of 0-0.5 M NaCl in buffer X at a flow rate of 1 ml per minute. Eluant 
were collected as 4 ml fractions. Fractions representing peaks of laccase activity 
were pooled and dialyzed against two changes of buffer X for 8 hours. The 
dialyzed solution was freezed dried and stored at -20 °C. 
2.7.6 Preparative polyacrylamide gel electrophoresis 
The partially purified laccase protein (about 200 \ig) was applied to native 
and preparative polyacrylamide gel electrophoresis. Operational conditions were 
the same as described in the previous section. After electrophoresis, a vertical 
strip was cut out from the gel and used to detect the zone of laccase protein using 
the A B T S reagent. The corresponding laccase zone on the remaining gel was cut 
with a razor blade and minced into slices. The slices were transferred to 3 ml of 
Tris-glycine buffer (0.025 M Tris, 0.2 M glycine) in a dialysis membrane which 
was then connected to the electrodes in a gel tank containing the same buffer. 
Electroelution was performed at 200 volts for 30 minutes and the eluted proteins 
dialyzed against two changes of distilled water for 8 hours. The dialyzed solution 
was lyophilized and stored at -20 °C. 
2.7.7 Protein detection and quantification 
The purity of the laccase preparations was determined by polyacrylamide 
gel electrophoresis. After electrophoresis, the proteins on the gel were fixed in 
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40o/o methanol/10% acetic acid for at least 30 minutes and stained with silver 
stain using a Bio-Rad kit according to the manufacturer's instructions. Protein 
concentration was determined by the Bio-Rad protein assay which is based on the 
method of Bradford (1978). Bovine serum albumin (BSA) was used as standard. 
During protein purification, protein concentration was monitored as absorbance at 
280 n m after the anion exchange chromatography. 
2.8 Characterization of the laccase protein 
2.8.1 Effect of pH, temperature and substrate concentration 
The influence of pH on enzyme activity using ABTS as substrate was 
assayed colorimetrically at 25 °C in 10 m M citrate-phosphate buffer (pH range 
2.1-6.0) and 10 m M Na citrate-HCl buffer (pH range 1.2-3.0). To test enzyme 
stability at different pH values, the laccase preparations were incubated at 4 °C 
for 12 hours in 10 m M citrate phosphate buffer adjusted to different pH values 
within the range 2.2-7.0. Enzyme activities were measured using the standard 
assay before and after incubation. 
The optimum temperature for enzyme activity was determined over the 
range 25-65。C. The thermostability of the enzyme was determined by exposing 
the enzyme in 10 m M citrate phosphate buffer, pH 7.0，for 60 minutes at different 
temperatures over the range 35-65 before measuring the residual activity using 
the standard assay. 
The K m value was determined from Lineweaver-Burk plots using ABTS 
31 
concentrations from 0.023 m M to 20 m M . Laccase activity was measured by the 
standard assay. 
2.8.2 Effect of inhibitors 
The effect of several potential inhibitors on the laccase activity was 
assayed at optimum pH with 5 m M ABTS. The inhibitors studied and the 
concentrations used were as follows: sodium azide (0.01-0.5 mM), thioglycoUic 
acid (0.05-1 mM), E D T A (1-5 m M ) and hydroxylamine (1-5 mM). Activity on 
A B T S was determined before and after the addition of inhibitor. The level of 
enzyme activity determined in the absence of additive was considered to be 
100%. 
2.8.3 Determination of isoelectric point 
Analytical isoelectric focusing polyacrylamide gel electrophoresis was 
performed in 5 % polyacrylamide gel to determine the isoelectric point (pi) of the 
purified laccase. The carrier ampholine was in the broad range pH 3.5 to 10. 
Markers for pi 3.5 to 9.0 were used (isoelectric focusing kit obtained from 
Pharmacia). The following markers were included in the kit: amyloglucosidase 
(pi - 3.50)，soybean trypsin (pi - 4.55), p-lactoglobulin (pi - 5.20), bovine 
carbonic anhydrase B (pi - 5.85)，human carbonic anhydrase B (pi - 6.55), 
myoglobin acidic band (pi - 6.85)，lentil lectin-acidic band (pi - 8.15)，lentil 
lectin-middle band (pi - 8.45), lentil lectin-basic band (pi - 8.65)，trypsinogen (pi 
_ 9.30). Focusing was continued at 500 volts and terminated when the tracking 
dye (methyl-red) had formed a sharp red band. Laccase on the gel was detected 
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using A B T S reagent and protein visualized with silver staining. The distances of 
the proteins from the cathode were measured and the isoelectric point of the 
purified laccase obtained from the plot of gel length versus pH. 
2.8.4 Determination of molecular weight 
The molecular weight of the isolated laccase was determined by 
polyacrylamide (12 % ) gel electrophoresis in 0.1 % sodium dodecyl sulphate 
(SDS-PAGE) in a Tris-glycine system at pH 8.8. Sample containing 2 |ig protein 
was mixed with SDS reducing buffer containing 20% (v/v) glycerol, 0.02% 
(w/v), 2 % (w/v) SDS and 5% (w/v) mercaptoethanol. The final preparations were 
heated at 95 °C for 4 minutes and separated by SDS-PAGE. Electrophoresis was 
continued at a constant voltage of 200 volts and terminated when the tracking dye 
(bromophenol blue) was 0.5 cm from the bottom. The following Bio-Rad protein 
references were used as molecular weight standards (daltons): phosphorylase b 
(97,500), bovine serum albumin (66,200), ovalbumin (45,000), bovine carbonic 
anhydrase (31,000), soybean trypsin inhibitor (21,500) and lysozyme (14,400). 
The molecular weight of the purified laccase proteins was estimated from the plot 
of logarithm of molecular weight versus mobility. 
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3. Results 
3.1 Effect of phenolic monomers on the growth of P. sajor-
caju and F. velutipes 
Measurements of radial growth and biomass production were taken to 
assess the effect of phenolic monomers on the growth of the two mushrooms. 
Similar growth patterns were observed in both studies suggesting that radial 
growth measurements, at least in the present study, were indicative on the effect 
of the phenols on ftingal growth. 
The growth of the two mushrooms in P D A and PDB was affected to 
varying degrees when different phenolic monomers were added to the culture 
medium. Certain monomers were particularly influential, i.e., resulted in a 
significant alteration in growth, affected both fimgal species, or exhibited a dose-
dependent response. Compounds that inhibited the growth of both mushrooms 
were 4-hydroxybenzaldehyde and vanillin. F, velutipes was more susceptible to 
the inhibitory effect of phenolic monomers than was P. sajor-caju. Stimulatory 
effects on growth by certain phenolic monomers were also observed in the case 
of P. sajor-caju. 
3.1.1 Pleurotus sajor-caju 
The effects of phenolic monomers on the radial growth of P. sajor-caju 
and on fimgal biomass production are shown in Figure 3.1 and Figure 3.2, 
respectively. The most evident feature of the data is the generally high tolerance 
exhibited by the mushroom. In the radial growth study, addition of 4-
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hydroxybenzoic acid, vanillic acid, syringic acid, ； -^coumaric acid and femlic 
acid resulted in enhanced fimgal growth up to 5 m M concentrations (Figure 3.1). 
In the biomass study, 4-hydroxybenzoic acid and vanillic acid up to 5 m M 
concentrations markedly stimulated biomass production by 20 to 70 % (Figure 
3.2). Enhanced production of P. sajor-caju biomass was again recorded in the 
presence of up to 2 m M p-coumaric acid and femlic acid, and 5 m M femlic acid. 
However, syringic and femlic acids were inhibitory when added at higher 
concentrations. For example, syringic acid and femlic acid at 5 m M inhibited 
biomass production by 25 % and 40 % respectively . 
Conversely, the aromatic aldehydes, 4-hydroxybenzaldehyde and vanillin, 
were toxic to the fimgus. A clear dose-dependent inhibitory effect on mushroom 
growth was recorded in both cases. In the case of biomass measurements, 4-
hydroxybenzaldehyde inhibited fimgal growth by 20，60，75 and 85 % at the 0.5， 
1，2 and 5 m M concentrations, respectively. Similarly, vanillin reduced 
mushroom growth by 25, 40，60 and 85% at 0.5，1, 2 and 5 m M concentrations, 
respectively (Figure 3.2). 
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Figure 3.1 Effect of phenolic monomers on the radial growth of 
Pleurotus sajor-caju. 
Values are expressed as a percentage of growth recorded in the absence of 
aromatic compound and represent the mean of three replicates. The error bars 
represent the standard error. Values were taken after 5 days of inoculation when 
fimgal growth rate was linear with time. The aromatic compounds tested are : 
A - 4-Hydroxybenzoic acid B - Vanillic acid 
C - Syringic acid D - ;7-Coumaric acid 
E - FeniUc acid F - Caffeic acid 
G - 4-Hyciroxybenzaldehyde H -Vanillin 
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Figure 3.2 Effect of phenolic monomers on the production of 
Pleurotus sajor-caju biomass. 
Values are expressed as a percentage of growth (dry weight) recorded in the 
absence of aromatic compound (31.0±0.5mg) and represent the mean of three 
replicates. The error bars represent the standard error. Values were taken after 7 
days of inoculation when fungal growth rate was linear with time. The aromatic 
compounds tested are : 
A • 4-Hydroxybenzoic acid B - Vanillic acid 
C - Syringic acid D - ；>Coumaric acid 
E - Ferulic acid F - Cafifeic acid 
G - 4-Hydroxybenzaldehyde H -Vanillin 
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3-1-2 Flammulina velutipes 
In the case of F. velutipes, most of the aromatic compounds exhibited 
inhibitory effects on both the radial growth and biomass production (Figures 3.3 
and 3.4). F. velutipes was appreciably more sensitive to the phenolic monomers 
than P, sajor-caju, ；7-Couinaric acid and ferulic acid were considerably more 
inhibitory to F. velutipes. Moreover, the fungus was more sensitive to ciimamic 
acid derivatives compared with the correspondingly substituted benzoic 
compounds as revealed by the steeper gradient of the dose-dependent effect 
(Figures 3.3 and 3.4). Thus, 2 and 5 m M /^ -coumaric acid inhibited biomass 
production by approximately 55 % and 70 % respectively, compared with the 
corresponding values of 20 % and 25 % in the case of 4-hydroxybenzoic acid 
(Figure 3.4). The increased toxicity was even more pronounced with ferulic acid, 
0.5 m M concentration of which inhibited biomass production by almost 50 % 
compared with less than 10 % by the same concentration of vanillic acid. Caffeic 
acid, with a second phenolic hydroxyl group in the C-3 position, was appreciably 
less toxic to F. velutipes than the mono-hydroxylated /7-coumaric acid. 
Suppression of fiuigal growth was less than 40 % in both radial growth and 
biomass studies involving concentration up to 5 m M . As with P. sajor caju, the 
aromatic aldehydes were very toxic to F. velutipes. Both 4-hydroxybenzaldehyde 
and vanillin at 5 m M concentrations totally suppressed the growth of the fungus 
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Figure 3.3 Effect of phenolic monomers on the radial growth of 
Flammulina velutipes. 
Values are expressed as a percentage of growth recorded in the absence of 
aromatic compound and represent the mean of three replicates. The eiror bars 
represent the standard error. Values were taken after 5 days of inoculation when 
fimgal growth rate was linear with time. The aromatic compounds tested are : 
A - 4-Hydroxybeiizoic acid B • Vanillic acid 
C - Syringic acid D - jT-Coumaric acid 
E - Fenilic acid F - Cafieic acid 
G - 4-Hyciroxybeiizaldehyde H -Vanillin 
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Figure 3.4 Effect of phenolic monomers on the production of 
Flammulina velutipes biomass. 
Values are expressed as a percentage of growth (dry weight) recorded in the 
absence of aromatic compound (25.1±2.5 mg) and represent the mean of three 
replicates. The error bars represent the standard error. Values were taken after 7 
days of inoculation when fungal growth rate was linear with time. The aromatic 
compounds tested are : 
A • 4-hydroxybenzoic acid B - Vanillic acid 
C - Syringic acid D - /^-Coumaric acid 
E - Ferulic acid F - Caffeic acid 
G - 4-liydroxybenzaldehyde H -Vanillin 
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3.2 Effect of phenolic monomers on laccase production by P. 
sajor-caju and F. velutipes 
Extracellular laccase activities and biomass production were monitored as 
a fimction of time when the two mushrooms were grown in PDB (Figures 3.5 and 
3.6). P. sajor-caju secreted considerable amounts of laccase during vegetative 
growth when no phenolic monomers were included in the culture medimn (Figure 
3.5). Production of laccase almost paralleled biomass production in the first 6-8 
day growth period. Extracellular laccase activity reached a maximum of 0.12 
lU/ml on day 10 and then declined, while growth continued for another 3 days. In 
the case of F. velutipes, only very low but still measurable amounts of 
extracellular laccase were produced in the phenolics-free medium (Figure 3.6). 
The patterns of biomass production and enzyme activity were quite different. 
Laccase activity increased only slightly over the first 7 days, stabilizing at 0.015 
lU/ml for another 7 days before declining, whereas growth continued to increase, 
reaching a peak on day 13. 
When growing on P D A supplemented with phenolic monomers, a brown 
colouration associated with the mycelium of both mushrooms appeared in the 
medium (Figure 3.7). This represents the typical Bavendaimn reaction indicating 
the presence of extracellular laccases. The colour reaction was clearly evident in 
P, sajor-caju when concentrations of 1 m M or more of the aromatic compound 
were included in the medium. In the case of F. velutipes, the colouration 
appeared only with high levels of phenolic monomer indicating an apparent 
difference in the abilities of the two mushrooms to produce laccase. Laccase 
activities under different phenolics-induced conditions were measured 
quantitatively. 
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Figure 3.5 Biomass production and extracellular laccase activity 
of Pleurotus sajor-caju. 
Values are expressed as the average of triplicate samples. The error bars represent 
standard error. Closed circles represent dry weight and open squares represent 
laccase activity. 
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Figure 3.6 Biomass production and extracellular laccase activity 
of Flammulina velutipes. 
Values are expressed as the average of triplicate samples. The error bars represent 
standard error. Closed circles represent dry weight and open squares represent 
laccase activity. 
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Figure 3 7 Typical Bavendamm reactions. 
A Cultures of P. sajor-caju growing on P D A supplemented with vanous 
concentrations of ferulic acid. B. Cultures of F, velutipes growing on PDA 
with various concentrations of "oumaric acid. Photographs were 
taken after 5 days of incubation in dark at 25±2°C. A dark brown zone around the 
fungal colonies indicates the presence of an extracellular laccase. 
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3 . 2 . 1 Pleurotus sajor-caju 
The production of extracellular laccase over time course by P. sajor-caju 
grown in the presence different phenolic monomers is shown in Figures 3.8，3.9 
and 3.10. Of the benzoic acid derivatives tested, vanillic acid caused the greatest 
stimulation of laccase production, whereas 4-hydroxybenzoic acid and syringic 
acid were only slightly stimulatory (Figure 3.8). The stimulatory effect of vanillic 
acid was most evident on day 12 when enzyme activity was approximately 100% 
higher compared to controls (no added phenolic monomers). Laccase production 
was appreciably higher in medium supplemented with ciimamic acid derivatives 
compared to the substituted benzoic acids (Figure 3.9). Among the cinnamic acid 
derivatives, /7-comnaric acid was most effective in stimulating laccase production 
followed by femlic acid and caffeic acid (Figure 3.9). In the case of /7-comnaric 
acid, a rapid increase in laccase activity was observed after 3 days and, at peak 
levels, enzyme activity was 2.5-fold higher than controls. Moreover, at peak 
levels, laccase production was almost double that of controls in cultures 
supplemented with femlic acid. Of the aromatic aldehydes tested, vanillin had 
little effect on laccase production (Figure 3.10). However, the effect of 4-
hydroxybenzaldehyde on laccase production was more pronounced and, at peak 
production times, the enzyme level were more than double those observed in 
controls. In all cases, the enhanced laccase activities were not due to increases in 
biomass production since the specific activities (lU/mg dry weight) also increased 
(data not shown). 
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Figure 3.8 Effect of benzoic acid derivatives (4-hydroxybenzoic 
acid, vanillic acid and syringic acid) on laccase production by 
Pleurotus sajor-caju. 
Values are expressed as the average of triplicate samples. The error bars represent 
standard error. 
46 
0.6 r- , , _ I I 
拳 control (no added phenols) 
^ • p — coumaric acid 
3 0.5 - • ferulic acid y. 一 
之 • caffeic acid J 
0.4 ~ / 、 _ 
I 。 . 3 一 / 一 
！: 
0.0 ~ 1 1 ' ' 
2 4 6 8 10 12 14 16 
Incubation time (day) 
Figure 3.9 Effect of cinnamic acid derivatives (p-coumaric acid, 
ferulic acid and caffeic acid) on laccase production by Pleurotus 
sajor-caju. 
Values are expressed as the average of triplicate samples. The error bars represent 
standard error. 
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Figure 3.10 Effect of benzaldehyde derivatives (4-
hydroxybenzaldehyde, vanillin) on laccase production by 
Pleurotus sajor-caju. 
Values are expressed as the average of triplicate samples. The error bars represent 
standard error. 
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3.2,2 Flammulina velutipes 
Extracellular laccase production by F. velutipes in cultures supplemented 
with phenolic monomers is shown in Figures 3.11，3.12 and 3.13. When 
compared with P. sajor-caju, the induction effects were appreciably lower in F. 
velutipes. No notable differences were evident in the levels of laccase activity 
detected in controls and in cultures supplemented with the three benzoic acid 
derivatives (Figure 3.11). In the case of syringic acid, laccase production dropped 
to undetectable levels after 15 days. Similarly, only basal levels of laccase 
activity were found in the cinnamic acid-amended cultures (Figure 3.12). 
Although slight stimulation of enzyme production was observed in the presence 
of /7-coumaric acid, no laccase activity was recorded in cultures supplemented 
with caffeic acid. The maximum laccase activities observed were less than 0.02 
lU/ml in cultures amended with the substituted benzoic or ciimamic acids. The 
aromatic aldehydes were more effective in stimulating laccase production by F. 
velutipes (Figure 3.13). Enzyme activity was detectable after 6 days and peaked 
on day 12. Supplementation of the culture medium with 4-hydroxybenzaldehyde 
and vanillin resulted in approximately 6-fold and 8-fold increases in laccase 
production, respectively. However, the peak enzyme activities were much lower 
than those recorded in the corresponding P. sajor-caju cultures. 
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Figure 3.11 Effect of benzoic acid derivatives (4-hydroxybenzoic 
acid, vanillic acid and syringic acid) on laccase production by 
Flammulina velutipes. 
Values are expressed as the average of triplicate samples. The error bars represent 
standard error. 
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Figure 3.12 Effect of cinnamic acid derivatives (p-coumaric acid, 
ferulic acid and caffeic acid) on laccase production by 
Flammulina velutipes. 
Values are expressed as the average of triplicate samples. The error bars represent 
standard error. 
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Figure 3.13 Effect of benzaldehyde derivatives (4-
hydroxybenzaldehyde, vanillin) on laccase production by 
Flammulina velutipes. 
Values are expressed as the average of triplicate samples. The error bars represent 
standard error. 
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3.3 Electrophoretic patterns of extracellular laccase 
The pattern of laccase protein production by P. sajor-caju and F. velutipes 
was determined by activity staining with ABTS staining after non-denaturing 
polyacrylamide gel electrophoresis. P. sajor-caju produces multiple forms of 
laccase of which one is inducible. Conversely, F. velutipes produces only one 
laccase protein under the different growth conditions used. 
3.3.1 Pleurotus sajor-caju 
The electrophoretic patterns of the extracellular laccases produced by P. 
sajor-caju are shown in Figure 3.14. The results are in agreement with the data 
accrued from induction experiments. Approximately 10 |ig protein were applied 
to the gel in each treatment. Four constitutive forms of laccase proteins, labelled 
laccases I，II，III and IV (arranged in increasing migrating distance from the 
cathode), were detected in the culture supematants of P. sajor-caju controls (no 
added phenolic monomers) with the ABTS staining (Figure 3.14，lane 8). On 
addition of phenolic compounds, the protein band which migrated fastest in the 
control (laccase IV) was stimulated quantitatively as revealed by the increased 
intensity of the green colour (Figure 3.14, lanes 2-7). Among the phenols tested, 
/?-coumaric acid and 4-hydroxybenzaldehyde resulted in the strongest bands of 
laccase IV activity (Figure 3.14，lanes 3 and 7). In the case of 4-
hydroxybenzaldehyde, laccase I was actually inhibited, leaving a very weak band 
(Figure 3.14 lane 7). Conversely, the activity of laccase I was enhanced by most 
of the other monomers (Figure 3.14 lanes 2-6). Laccases II and III were of similar 
electrophoretic mobilities. Synthesis of these two laccase proteins was repressed 
by p'coumanc acid and caffeic acid (Figure 3.14，lanes 3-4). Unlike the other 
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phenols examined, 4-hydroxybenzoic acid generally did not affect the activities 
of any of the constitutive forms. In addition to the four constitutive forms, an 
induced laccase protein (laccase V)，i.e. not found in the control, was detected in 
supematants of cultures supplemented with 4-hydroxybenzoic，;?-comnaric and 
syringic acids (Figure 3.14 lanes 1, 3 and 6). This induced form migrated farthest 
towards the positive pole. 
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Figure 3.14 Non-denaturing 10 % PAGE of extracellular laccase 
produced by Pleurotus sajor-caju in the presence of phenolic 
monomers. 
Lanes: 1，4-hydroxybenzoic acid; 2, vanillic acid; 3，；j-coumaric acid; 4，caffeic 
acid; 5, ferulic acid; 6，syringic acid; 7，4-hydroxybenzaldehyde; 8，control 
Approximately lOjig protein was applied for each sample. Bands of laccase 
activities were stained green with ABTS. L I，H, III，IV and V represent laccases 
I，n，m, IV and V respectively. 
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3.3.2 Flammulina velutipes 
The effects of phenolic monomer supplementation on the extracellular 
laccase production patterns of F, velutipes, as revealed by polyacrylamide gel 
electrophoresis are shown in Figure 3.15. Approximately 20 \ig protein was 
applied in each case. Unlike P. sajor-caju, only a single form of laccase was 
detected in control cultures (no added phenolic monomers) of F. velutipes (Figure 
3.15，lane 1). In the presence of phenolic monomers, no induced forms of laccase 
were observed (Figure 3.15，lanes 2-9). The laccase band appeared darker in 
cultures supplemented with /^-coumaric acid, 4-hydroxybenzal(iehyde and 
vanillin (Figure 3.15, lanes 5, 8-9) confirming the higher laccase levels observed 
in induction experiments. 
/ 
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Figure 3.15 Non-denaturing 10 % PAGE of extracellular laccase 
produced by Flammulina velutipes in the presence of phenolic 
monomers. 
Lanes: 1，control; 2, 4-hydroxybenzoic acid; 3, vanillic acid; 4，/7-coumaric acid; 
5，femlic acid; 6，caffeic acid; 7，syringic acid; 8，4-hydroxybenzaldehyde; 9， 
vanillin. Approximately 20|ig protein was applied for each sample. Bands of 
laccase activities were stained green with ABTS. 
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3.4 Purification of a laccase protein from P. sajor-caju 
A summary of the purification data for the laccase IV protein produced by 
P. sajor-caju is presented in Table 3.1. Culture filtrate (3.5 liters) from 16-day 
old static cultures was concentrated about 18 fold by ultrafiltration prior to 
fractionation using ammonium sulphate precipitation. The dialyzed aimnonium 
sulphate fraction (45-85 % ) was a dark brown solution. Most of the pigmented 
material, which was probably polyphenolic in nature, adsorbed to the DEAE-
Sepharose colimrn and was removed during this purification step. 
3.4.1 Separation of laccase proteins 
The elution profile of the DEAE-Sepharose anion exchange 
chromatography step is presented in Figure 3.16. Laccase activities were eluted 
as three protein peaks. The first, second and third peaks were eluted in fractions 
corresponding to 0.15-0.2 M，0.22-0.26 M , 0.26-0.3 M NaCl，respectively. 
Fractions corresponding to these peaks were pooled and material from each of the 
three pooled fractions loaded onto a native polyacrylamide gel and subjected to 
p a g e. The electrophoretic mobilities of the laccase proteins in each of the three 
peaks are shown in Figure 3.17. It can be seen that this step of the purification 
procedure separated the laccases proteins shown in Figure 3.14 into different 
fractions. Laccase 11 and III，which exhibited similar mobilities, were both found 
in peak 1 (Figure 3.17，lanes 5 and 6). Laccase IV (Figure 3.17，lane 7) and 
laccase V (Figure 3.17, lane 8) were detected in peaks 2 and 3 respectively. 
Laccase I was not detected in any of the activity peaks eluted from the DEAE-
Sepharose Colmnn. Actually, this protein did not bind to the column and was 
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eluted during the initial washing of the colimm prior to the application of the salt 
gradient. The presence of laccase I activity in the unbound fraction is confirmed 
in Figure 3.17 (lane 4). 
3.4.2 Purification of laccase IV 
Further purification of laccase IV and laccase V was accomplished using 
preparative gel electrophoresis. The purity of the two preparations was confirmed 
by non-denaturing gel electrophoresis. Laccase IV and laccase V appeared to be 
homogeneous as revealed by silver staining (Figure 3.18B). The protein bands 
corresponded to the bands of laccase as revealed by activity staining with ABTS 
(Figure 3.18A). For laccase IV, an approximately 150-fold purification was 
achieved, with a final yield of 5.0 % (Table 1). The yield of laccase V from 
preparative gel electrophoresis was insufficient for further characterization. 
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Ii^ifreSfllt^^fication of laccase IV from Pleurotus sajor-caju 
p . 、，1 Total Total enzyme Specific 
= T r f-tein activity activity Purification yield 
step (ml) (mg) (lU) [U(mg protein)-1] (-fold) (%) 
Culture filtrate 3500 99 65.6 0.7 1 loO 
Concentrated 
filtrate 200 43.4 49.9 1.2 1.7 75 
Ammonium 
sulphate (45-85% 8.5 5.4 25.3 4.7 6 7 39 
saturation) ‘ 
DEAE-Sepharose 
1st peak 27 0.4 0.8 2.0 29 1 2 
2nd peak 32 0.32 9.9 31.0 44.3 15 1 
3rd peak 27 0.27 6.2 23.0 32.9 9.5 
Preparative 
gel electrophoresis 
Laccase IV 10 0.03 3.2 106.7 152.4 4.9 
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Figure 3.16 Elution of laccase activity and protein produced by 
Pleurotus sajor-caju from DEAE-Sepharose column. 
Fraction volume was 4 ml and 3 distinct peaks of laccase activity were eluted. 
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Figure 3.17 Non-denaturating 10 % PAGE of laccase proteins 
separated by DEAE-Sepharose column. 
Laccase activities were stained with ABTS. Lanes: 1，crude culture filtrate (20|ig 
protein); 2, concentrated culture filtrate after ultrafiltration (20^g protein); 3, 
ammomiui^ sulphate precipitate (20^ ig protein); 4，unbound fraction (laccase I) 
from DEAE-Sepharose column (5|ig protein); 5, peak 1 (laccases 11 and IE) from 
DEAE-Sepharose column (lOjig protein); 6，peak 1 (laccases H and IH) from 
DEAE-Sepharose step (5^ ig protein); 7，peak 2 (laccase IV) from DEAE-
Sepharose column (5^ ig protein); 8，peak 3 (laccase V) from DEAE-Sepharose 
column (5 jig protein) 
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Figure 3.18 Non-denaturing 10 % PAGE of laccase preparations 
from preparative gel electrophoresis 
A. Laccase staining with ABTS. Lanes: 1，laccase IV (5|ig protein); 2, laccase V 
protein). B. Protein staining with silver stain. Lanes: 1，laccase IV (5|ig 
proetin); 2, laccase IV (2|ig protein);3, laccase V (2昭 protein). 
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3.5 Characterization of laccase IV from P. sajor-caju 
3.5.1 Optimum temperature and thermostability 
When the activity of laccase IV was examined as a fimction of 
temperature, high enzyme activity was observed over the temperature range 40-
550c，with a maximum value at 45 °C (Figure 3.19). Enzyme activity fell off 
rapidly at temperatures above 55 and at 65 only about 20 % of the 
residual activity was recorded. 
The stability of the enzyme with respect to temperature was also studied. 
The enzyme was relatively stable at 35 °C (Figure 3.20) and almost 80% of the 
activity still remained after 60 minutes exposure. No fiirther significant loss of 
activity was observed after a fiirther 120 minutes incubation at this temperature 
(data not shown). The thermostability of the enzyme decreased gradually 
following preincubation at 45 °C and 55 °C, and after 60 minutes exposure to the 
two temperatures 50 and 25 % of initial activity, respectively, remained. At 60°C, 
the enzyme lost 75 % of the initial activity after 5 minutes which was followed 
by a further, more gradual, inactivation. 
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Figure 3.19 Effect of temperature on the activity of purified 
laccase IV. 
Values are expressed as the percentage of activity measured at 45°C which 
represented the highest activity recorded. 
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0 10 20 30 40 50 60 70 Time (min) Figure 3.20 Thermostability of purified laccase IV. 
Values are expressed as the percentage of activity recorded at time 0. Enzyme 
activities were measured using standard assay after incubation at the indicated 
temperatures. 
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3-5.2 Optimum pH and pH stability 
The pH activity profile for laccase IV is shown in Figure 3.21. In 10 m M 
citrate-phosphate buffer (pH 2.1-7.0)，enzyme activity using ABTS as substrate 
increased with decreasing pH. Activity at neutrality was only 5 % of that 
recorded at pH 2.3. The optimum pH for enzyme activity was 2.1, as determined 
in 10 m M Na citrate - HCl buffer. At pH values below the optimum, activity 
decreased until, at pH 1.20, only 55 % of the optimum figure was recorded. 
The activity of laccase IV after 12 hours incubation at 4°C and at different 
pH values within the range 2.0-7.0 is shown in Figure 3.22. In general, laccase IV 
was fairly stable over the pH range tested. The enzyme was generally stable at 
near neutral pH values but was less stable under more acidic conditions. After 12 
hours exposure at pH 2.2, which is close to the optimum pH for activity, about 
75% of the original activity was recorded. 
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Figure 3.21 Effect of pH on the activity of purified laccase IV. 
Values are expressed as Ae percentage of activity measured at pH 2.1 which 
represented the highest activity recorded. Assays were conducted in reaction 
mixtures containing citrate-phosphate buffer or Na citrate-HCl buffer adjusted to 
the pH values shown. 
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2.2 3.0 4.0 5.0 6.0 7.0 p H Figure 3.22 pH stability of purified laccase IV. 
Values are expressed as percentage of activity measured before incubation. The 
enzyme was incubated at the indicated pH for 12 hours at 4 °C and activities 
measured using the standard assay. 
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3.5.3 Inhibitors study 
The effects of several potential inhibitors of laccase activity on laccase IV 
is shown in Table 3.2. Highest inhibition was obtained with thioglycoUic acid 
which，at concentrations of 0.2 m M or above, completely repressed enzyme 
activity. Total inactivation was also observed with sodium azide at 2 m M 
concentration. E D T A and hydroxylamine were much less inhibitory although 
some inhibition of enzyme activity was observed at 2 m M or above. 
3.5.4 Substrate concentration 
In order to further investigate the catalytic properties of laccase IV，the 
effect of substrate concentration on the enzyme activity was determined. The 
A B T S concentration activity profile is presented in Figure 3.23 and follows a 
typical Michaelis-Menten relationship. However, high concentration of ABTS 
caused little inhibition of enzyme activity. The Michaelis constant (Km) for 
ABTS, calculated from the plot of reaction velocity vs substrate concentration 
according to the method ofLineweaver and Burk, was 0.092 m M (Figure 3.24). 
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Table 3.2 Effects of some laccase inhibitors on the oxidation of 
ABTS by purified laccase IV from Pleurotus sajor-caju 
Inhibitor % inhibition with the following inhibitors 
concentration 
(mM) 
Sodium Thioglycollic acid EDTA Hydroxylamine 
azide 
0.01 77 
0.05 N D 61 
0.10 94 99 
0.20 94 100 
0.50 95 100 
1.00 96 100 0 17 
2.00 100 100 1 17 
3.00 100 100 44 16 
5.00 100 100 73 65 
ND - not determined 
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Figure 3.23 Effect of substrate concentration on the activity of 
purified laccase IV. 
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Figure 3.24 Lineweaver-Burk plot for laccase IV. 
The Km value was obtained from the x-intercept of the graph, 
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3.5.5 Isoelectric point 
A single band was obtained for laccase IV after isoelectric focusing (data 
not shown). The band migrated a distance of 5.5 cm from the cathode. From a gel 
calibrated using standard proteins, the isoelectric point of laccase IV was 
determined as 3.6 from a plot of gel length versus pH (Figure 3.25). 
3.5.6 Molecular weight 
Analysis of purified laccase IV by SDS-polyacrylamide gel 
electrophoresis revealed a single band with an apparent molecular weight 
between 45-66 kDa (Figure 3.26). The band had an Rf value of 0.488 and the plot 
of logarithm of molecular weight versus mobility of known molecular weight 
markers gave an estimated molecular weight of 55 kDa (Figure 3.27). 
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Figure 3.25 pH gradient profile after polyacrylamide gel 
electrophoresis. 
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Figure 3.26. SDS-PAGE (12% gel) analysis of purified laccase IV 
Lanes: 1，2 and 3，molecular weight markers; 4，peak 2 from DEAE-Sapharose 
column (10 � protein); 5 and 6，purified laccase IV (0.5 and 1 |ig protein, 
respectively). 
76 
I i 1 1 
100000 - ^Phosphorylase b _ 
90000 • \ (97.4 KDa) -
80000 \ . 
70000 • \ . 
」 cnnnr^ Bovine s e r u m albumin 
'Laccase X KDa) 
50000 • (55 K D a ) \ -
① •\pvalbumin 
^ 40000 • \ ( 4 5 KDa) -
S 30000 - -
T \ 




1 0 0 0 0 ‘ ‘ ‘ ‘ 
0.2 0.4 0.6 0.8 1.0 1.2 
Rela t ive m o b i l i t y (Rf) 
Figure 3.27. Estimation of molecular weight of the purified 
laccase IV by SDS-polyacrylamide gel electrophoresis. 
77 
4. Discussion 
4.1 Phenolic monomers and the growth of P. sajor-caju and 
F. velutipes 
Phenolic monomers are frequently associated with plant fibers fed to 
ruminants. Chesson et al (1982) suggested that fibrolytic niminal 
microorganisms would encounter high levels of phenolic acid in the niminal 
fluid. Since many plant residues are employed as growth substrates for edible 
mushrooms, Buswell et al. (1993) suggested that these low molecular weight 
phenolic compounds may also represent a substrate-associated factor which limits 
the utilization of plant residues during mushroom cultivation. 
Although there is much evidence supporting a toxic effect for phenolic 
monomers, the present study shows that the growth of P. sajor-caju was actually 
stimulated by many of the phenolics tested (Figures 3.1 and 3.2) . Cai et al. 
(1993) reported similar results using radial growth measurements on agar plates 
containing different concentrations of phenolic monomers. Thus, the present 
study confirms these authors' findings with the more reliable dry weight 
measurement. Work by Bomeman et al. (1986) showed that 4-hydroxycimiamic 
acid, 4-hydroxybenzoic acid and syringic acid all stimulated the growth of the 
nuninal bacterium Ruminococcus albus. Of the phenolic monomers tested in the 
present study, stimulation of the growth of P. sajor-caju occurred with all the 
benzoic acid and cinnamic acid derivatives. 
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Conversely, F. velutipes was found to be less tolerant of added phenolic 
monomers than P, sajor-caju (Figure 3.3 and 3.4). p-Coumaric and feruUc acids 
were more toxic than the correspondingly substituted benzoic acids. Martin and 
Akin (1988) reported that these two phenolic acids markedly inhibited the growth 
of the ruininal bacterium Bacteroides ruminicola. It has been suggested that the 
addition of «-alkyl groups to the phenolic nucleus increased antimicrobial 
activity. The methoxylated phenolic acids (vanillic and ferulic acids) used in this 
study were more inhibitory to F. velutipes than the non-methoxylated phenolic 
acids (4-hydroxybenzoic and;?-coumaric acids). However, methoxyl substitutions 
on the ring did not consistently affect the action of the phenolic monomers on P. 
sajor-caju. Replacement of the carboxyl group in 4-hydroxybenzoic acid and 
vanillic acid with an aldehyde group resulted in greatly increased inhibition of the 
mushroom. Similar effects were reported on other edible mushrooms (Shea and 
Buswell, 1992; Cai et al., 1993)，white-rot fimgi (BusweU and Eriksson, 1994) 
and mminococci (Bomeman et al., 1986). 
The concentrations of phenolic monomers tested in this study were higher 
than those in the rumen. However, it is believed that the mushroom mycelium 
would encounter higher levels of phenolic monomers since it is intimately 
associated with the lignocellulosic components of the plant residues. Data are not 
available to indicate the specific concentrations of these monomers which may 
present in such an environment. However, distribution of the types of phenolic 
monomers in different kinds of lignocellulose would determine the fimgus' ability 
to colonize the growth substrate. For example, 4-hydroxybenzoic, vanillic and 
syringic acids are constituents oflignin and, as a fair approximation, plants which 
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do not contain lignin do not contain these acids either (Ribereau-Gayon, 1972). 
Chemey et al (1989) reported that there was a large range in /^-coumaric and 
ferulic acid concentrations within grass tissues. The remaining phenolic 
monomers, 4-hydroxybenzoic acid, vanillic acid, syringic acid, caffeic acid, 4-
hydroxybenzaldehyde and vanillin, were present at much lower concentrations. 
Both ；?-coumaric acid and ferulic acid have been shown to serve as cross-linkages 
in plant cell walls (Smith and Hartley, 1983; Hartley and Mueller-Harvey, 1986; 
Hartley et al,，1990; Jefferies, 1990). Therefore, the benzoic acids and cinnamic 
acids would represent the major types of phenolic monomers in highly lignified 
substrates and grassy lignocellulosic wastes, respectively. The toxic 
benzaldehyde derivatives are often found as intermediate metabolites (Fukuzuini, 
1980; Ander et al.’ 1980.) and are present in much lower amounts in plant 
residues like grasses (Chemey et al., 1989). 
The present study shows that the ciimamic acids, j^-coumaric acid and 
ferulic acid were manifestly more toxic to F. velutipes than the benzoic acids 
with the same ring substitution pattern. This inhibitory effect has the implication 
that the mushroom is not able to utilize graminaceous plant residues efficiently 
where these acids are bound to the lignin carbohydrate complex through ester 
linkages. Cultivation of F. velutipes is generally carried out on woodlogs and 
sawdust (Chang and Miles, 1991). The mushroom's aversion for cereal straw as 
growth substrate may be reflected in the apparent inability of the flingus to grow 
in the presence of cinnamic acids. The higher tolerance of P. sajor-caju to many 
phenolic acids might also be an alternative, or supplementary, explanation for this 
mushroom's broad adaptability to a wide range of substrates. In practice, high 
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yields of Pleurotus mushrooms can be achieved under both experimental and 
commercial production conditions with wheat straw as the sole substrate (Quimio 
et al” 1990). Hence, the distribution of the phenolic monomers in the 
lignocellulosic waste would represent a substrate-associated factor responsible for 
the marked variation in the ability of the two mushrooms to utilize cereal straws 
as a growth substrate. 
4.2 Phenolic monomers and laccase production by P. sajor-
caju and F. velutipes 
The medium, PDB, used in this study for the determination of extracellular 
laccase contains enriched sugar content. An excess of saccharose or glucose in 
the medium eliminated the induction of laccase (BoUag and Leonowicz, 1984). 
This would allow the constitutive production of laccase by the fimgi, whereas the 
biosynthesis of induced forms of the enzyme is repressed by either sugar (Bollag 
and Leonowicz, 1984). 
In this study, laccase was released into the medium during growth of the 
fimgi in liquid culture. An increase in extracellular laccase activity was observed 
with the addition of various phenolic monomers to cultures of P. sajor-caju 
(Figures 3.8，3.9 and 3.10). In the case of F. velutipes, phenolic monomers did 
not markedly stimulate laccase production (Figures 3.11，3.12 and 3.13). 
Compounds particularly effective in stimulating the enzyme production by P. 
sajor-caju were ；?-coumaric acid, ferulic acid and 4-hydroxybenzaldehyde. 
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The induction of laccase formation in various fimgi has been well-
documented. The inducers can be quite different In Polyporus resorcinol acted as 
an inducer (Mayer, 1987). During testing for the induction of a variety of 
laccases，it was noted that while 2,5-xyUdine induced extracellular laccase 
formation in Fomes, Pholiota, Trametes and Pleurotus, it failed to do so in 
cinerea and Rhizoctonia (Bollag and Leonowicz, 1984). Rogalski and 
Leonowicz (1992) suggested that some metabolic poison like 2，5-xylidine was 
particularly effective in stimulating laccase production. Similarly, the 
benzaldehyde derivatives used in this study were very toxic to mushroom growth 
but still induced laccase production. Addition of phenolic monomers is well 
known to stimulate laccase production in other fimgi. For example, /?-comnaric 
acid induced production of the enzyme in Heterobasidion annosum (Haars and 
Huttennaiin, 1983) and Botrytis cinerea (Mayer, 1987). The present study does 
not provide information on the mechaiiism(s) of laccase induction by the phenolic 
monomers. An earlier study by Leonowicz et al (1972) demonstrated that the 
laccase from the mushroom fimgus Pleurotus ostreatus was induced by ferulic 
acid and the increase in activity was shown to be related to the synthesis of 
m R N A . Haars and Huttermaim (1983) confirmed that the laccase induction by p-
coumaric acid in H, annosum was due to de novo synthesis of the enzyme. The 
fimgal hyphae appeared to contain specific sites for phenolic inducers. Laccase 
production can also be enhanced by compounds which are non-phenolic and not 
substrates of the enzyme. For example, laccase from Phlebia radiata was 
stimulated by veratric acid (Niku-Paavola et al” 1990b; Rogalski and Leonowicz, 
1992) and benzyl alcohol (Niku-Paavola et al.，1990b). In Trametes versicolor, 
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Rogalski et al. (1991) found that both veratric acid and veratryl alcohol enhanced 
laccase production. 
Lignocellulose additions have also been found to enhance laccase activity 
in the culture liquid of Phlebia radiata (Niku-Paavola et al； 1990b). Similarly, in 
another strain of P. radiata, phenol oxidase (laccase) production was markedly 
stimulated by pine wood meal (Ander and Eriksson, 1977). Pleurotus mushrooms 
also gave similar responses to lignocellulose additions. Dhaliwal et al. (1992) 
compared the induction of laccase activity in P. florida by various substrates. 
These authors found that addition of paddy straw gave the highest laccase 
activity. Lignin supplementation of glucose-grown cultures also increased 
production of laccase. Laccase activity was detected at high levels in cotton stalk-
induced cultures of P. ostreatus (Kerem et al, 1992). Garzillo et al (1992) 
reported that tobacco and wheat straw juice, acid-precipitable polymeric lignin 
(APPL), solid wheat straw, all induced specifically the production of laccases by 
P. ostreatus. In the case of P. pulmonarius, Masaphy and Levanon (1992) also 
found similar effects when the mushroom was grown in submerged culture 
containing cotton-wheat straw. It is possible that the phenolic mondiriers 
associated with these lignocellulosic wastes were responsible for enhancing 
laccase activities. 
4.3 Electrophoretic patterns of laccases produced by P. 
sajor-caju and F. velutipes 
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It is well documented that fimgal laccases occur in multiple, inducible and 
constitutive forms. The electrophoretic patterns of laccase have been employed as 
a taxonomic tool to differentiate different geographical races of Pleurotus 
着麵(Blaich and Esser，1975; Breskinsky et al.，1987). In this experiment, 
four constitutive forms of laccase were detected in PDB cultures of P. sajor-caju 
(Figure 3.14). Addition of 4-liydroxyben2oic，/^-comnaric and femlic acids 
resulted in the selective stimulation of the constitutive forms and the fonnation of 
a new laccase protein. The induced form migrated faster than the constitutive 
forms. BoUag and Leonowicz (1984) made a comparative study on the 
electrophoretic patterns of laccase proteins produced by various basidiomycetes, 
ascomycetes and deuteromycetes. These authors demonstrated that an induced 
laccase protein also appeared in xyUdine-supplemented cultures of Fomes 
annosus, Pholiota mutabilis, Pleurotus ostreatus and Trametes versicolor in 
addition to the multiple constitutive forms of the enzyme. The present study 
shows that F. velutipes is one of the few fimgi described where laccase occurs in 
single form (Figure 3.15). Similar results have been found only in the cases of the 
deuteromycete wine fimgus Botrytis cinerea (Bollag and Leonowicz, 1984) and 
the basidiomycete white rot fimgus Phlebia radiata (Rogalski and Leonowicz, 
1992). 
Mayer (1987) reviewed the fiinctions of different laccase isoenzymes of a 
wild strain of Pleurotus and suggested that each of them was involved in a 
specific physiological process. One of the isoenzyme has been demonstrated to 
be specifically associated with fruiting body construction. Leonowicz et al. 
(1978) found that the induced forms of laccase usually had higher specific 
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activities than the constitutive forms. In an electrophoretic study of laccases by 
Bollag and Leonowicz (1984)，the constitutive form of laccase gave a much 
weaker band on the gel. Gel electrophoresis experiments conducted as a part of 
this study also showed that new forms of laccase (laccase V) appeared in some 
phenol-induced cultures of P. sajor-caju (Figure 3.14). Selective stimulation of a 
constitutive laccase form (laccase IV) produced by the mushroom resulted in the 
strongest band among the laccase proteins (Figure 3.14). These two laccase 
proteins are believed to be active towards the phenolic monomers tested. 
4.4 Physiological functions of laccase 
When laccase production by the two mushrooms is compared, it can be 
seen that P. sajor-caju has a higher capacity for producing the enzyme than does 
F. velutipes. The differences between the two mushrooms was not only in the 
amounts produced but also in the forms of laccase produced. In addition, laccase 
production by P. sajor-caju was greatly enhanced in the presence of phenolic 
monomers with selective stimulation of different isoenzymes. From the growth 
studies, P. sajor-caju also showed a higher ability to survive in the presence of 
several phenolic monomers which were toxic to F. velutipes. The association of 
laccase activity with the higher tolerance to phenolic monomers exhibited by P. 
sajor-caju is unlikely to be coincidental. Laccase could represent a fimgal-
associated factor responsible for the mushroom's ability to tolerate phenolic 
monomers present in the growth substrate. 
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In the case of cereal straws, p-coumaric and ferulic acids are of 
particular importance as a substrate-associated factor since they are often found 
linked through ester bonds to arabinoxylan (hemicellulose) or lignin in 
graminaceous plants (Hartley and Mueller-Harvey, 1986). The major phenolic 
acids found in this form may represent up to 3.0 % by weight of the mature steins 
of temperate grasses (Chemey et a!” 1989). P. sajor-caju produces high titres of 
xylanases and p-xylosidase (Buswell et al” 1993) and consumed half the amount 
of available hemicellulose while leaving the cellulose fairly intact when growing 
on wheat straw (Moyson and Verachtert, 1991). Akin et al. (1993) demonstrated 
that these ester-linked phenolic acids have to be released before the arabinoxylan 
can be digested. Therefore, P. sajor-caju would encounter high levels of p-
comnaric acid and ferulic acid during the colonization of wheat straw. The 
experiment conducted in this study simulated such an environment and the 
increased laccase production under these conditions suggested that the enzyme is 
active towards the toxic phenolic monomers, thereby allowing the mushroom to 
grow unaffected. Conversely, the lower ability of F. velutipes to produce laccase 
may account for the mushroom's higher sensitivity to the toxic /?-coiiinaric and 
ferulic acids thereby reducing the capacity of the ftingus to grow on cereal straws. 
Although the present results are only indicative of a fimction for laccase in 
the inactivation of otherwise toxic phenolic monomers present in the 
lignocellulose, there is supportive evidence in the literature for such a role. 
Marbach et al. (1985) suggested that laccase of Botrytis cinerea improves its 
virulence for host plants through detoxification of phytoalexins or phenolics. 
These authors found that gallic acid enhanced the laccase activity in the culture 
86 
liquid of the fimgus. Repression of laccase activity by E D T A decreased the 
fimgus' virulence towards host plants (Bar-Nun et a l , 1988). Similarly, Rigling 
and Van Alfen (1993) postulated that laccase in the chestnut blight fimgus, 
Cryphonectria parasitica, could play a role in fimgal tolerance to the host's high 
concentrations of phenolics. The virus-infected fimgus which exhibited reduced 
virulence was found to have several gene products suppressed including laccase. 
Bollag et al. (1988) clearly demonstrated that laccase was unequivocally 
capable of detoxifying some phenolic compounds. The ability of laccase to 
reduce the toxicity of phenols appeared to be related to the capacity of the 
enzyme to decrease the levels of the parent compounds by transformation or 
cross-coupling with another phenol. It is possible that laccase renders phenolic 
compounds less toxic via polymerization reactions. In fact, the typical 
Bavendamm reaction shown in the present confirms the polymerization of the 
phenolic monomers (Figure 3.7). Lower concentrations (<5 m M ) of phenolic 
monomers often stimulated both radial growth and biomass production by P. 
sajor-caju. This suggested that the mushroom can actually use these compounds 
as energy sources. Many white rot fimgi are known to metabolize monomelic 
phenols such as vanillic acid, ferulic acid and syringic acid (Buswell and 
Eriksson, 1979; Buswell et al, 1979; Ander et al； 1980; Gupta et al” 1981; 
Eriksson et al.，1984). Phenoloxidases were found to be involved in the 
metabolism of vanillic acid by Sporotrichum pulverulentum (Ander et al” 1980). 
In contrast to the claim here that laccase has a detoxifying effect, Haars 
and Huttermann (1980) reported that laccase activity increased the toxicity of 
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phenols. In their study, catechol and guaiacol strongly inhibited the growth of 
Fo鹏 annosus when the fimgus produced extracellular laccase. Addition of a 
laccase inhibitor reduced the toxicity of these phenols. Assavanig et al (1992) 
have shown that low laccase-producing mutants of Trichoderma were not 
inhibited by the phenolic monomers used here. Bollag et al. (1988) concluded 
that "the ability of laccase to detoxify a given phenol may be dependent on the 
phenolic monomers tested, the test organism, other environmental factors, or a 
combination of these factors". 
4.5 Purification of selected laccase protein from P. sajor caju 
The present study also reports the purification of selected laccase proteins 
from P. sajor-caju. Since it is highly likely that laccase from the fungus is active 
towards phenolic monomers, it is important to clarify the nature of the enzyme. 
Laccase IV, the selectively induced isoenzyme, and laccase V，the induced form， 
were purified using standard protein purification procedures. The primary 
difficulty was the removal of the dark coloured polyphenols. Some of the 
polyphenols precipitated out at 40% saturation of ammonimn sulphate. The 
polyphenols showed high binding ability to the DEAE-Sepharose column and 
could not be eluted from the column with increasing salt concentration. Thus, the 
laccase fractions eluted were free of this material. 
DEAE-Sepharose anion exchange chromatography served as an effective 
purification step in separating the laccase proteins distinguishable by their 
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electrophoretic mobilities (Figures 3.16 and 3.17). Individual isoenzymes with 
greater electrophoretic mobilities bind to the anion exchanger more tightly and 
are eluted by higher salt concentrations. Tlie similar electrophoretic mobilities of 
laccases II and III made them inseparable from each other in this step. Laccases 
IV and V were the only isoenzymes which could be separated. Preparative gel 
electrophoresis is a rapid method for purifying proteins albeit at the expense of 
the yield. In the present study, 30 |ig of purified laccase IV was obtained and 
only 5 % of the original activity retained (Table 3.1). In the case of laccase V，the 
amount of the purified enzyme obtained was insufficient for further 
characterization. 
4.6 Properties of the isolated laccase IV from P. sajor-caju 
4.6.1 Optimum temperature and thermostability 
Temperature activity profile showed that laccase IV had an optimum 
temperature of 45 °C and that >80 % activity was retained in the range 40-55。C 
(Figure 3.19). Similarly, isolated laccase from P. ostreatus showed an optimum 
temperature at 50°C (Palmieri et al.，1993). CoU et al. (1993) reported an 
optimum temperature of 80 °C for a laccase purified from a new lignin-degrading 
basidiomycete, strain PMl (CECT 2971)，isolated from the wastewater of a paper 
factory. To date, no other optimum temperatures for laccases have been 
described. 
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Analysis of temperature stability revealed that laccase IV was stable at 
35 °C (Figure 3.20). After 60 minutes at 45°C the activity was reduced to <60% 
of the initial value. At 60。C，the activity dropped shaiply to about 25% residual 
activity. Laccase IV from P. sajor-caju exhibited lower thermostability than other 
laccases reported elsewhere. The basidiomycete PMl laccase was stable for an 
hour of incubation at 60。C. Wood (1980) reported that isolated laccase from 
Agaricus bisporus was thermostable with a half life of 10 minutes at 70°C, 40 
minutes at 60°C and 3 hours at 50°C. The enzyme remained completely stable at 
40°C and below for at least 24 hours. Purified laccase from the ascomycete 
Monocillium indicum was stable at temperatures up to 60°C and with a half life 
of 10 minutes at 75°C (Thakker et al” 1992). 
4.6.2 Optimum pH and pH stability 
The pH optimum of laccase IV is 2.1 (Figure 3.21). This is lower than 
reported for most other extracellular fimgal laccases. The pH optima of different 
laccases shows quite considerable variation, depending upon the species and 
substrate oxidized. The pH optimum of basidiomycete PMl laccase towards 
guaiacol is around pH 4.5 (Coll et al.，1993)，and that of A. bisporus 
approximately 5.6 (Wood, 1980). With o-dianisidine as a substrate, M. indicum 
laccase exhibited optimal activity at pH 5.0 (Thakker et al., 1992). In the case of 
Cryphonectrica parasitica, the isolated laccase had an optimum pH of 2.5 
towards 2，6-dimethoxyphenol (Rigling and Van Alfen, 1993). Bourbonnais and 
Paice (1992) reported that the activity of laccase from Trametes versicolor 
against A B T S was highest at low pH and dropped linearly to zero activity at 
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neutrality. A similar result was found with laccase IV in the present study. P. 
ostreatus laccase showed an optimum pH range between 3.0 and 3.5 when ABTS 
served as substrate, whereas in the presence of guaiacol and syringaldazine the 
optimum ranges were 5.0-6.0 and 6.0-7.0 respectively (Palmieri et al, 1993) 
The stability of laccase from various sources is reported to be pH 
dependent (Mayer and Harel, 1979). Laccase IV was stable under acidic 
conditions (Figure 3.22). More than 80% activity was retained in the pH range 
3.0-7.0 and 75% residual activity was detected at pH 2.2 after storage for 12 
hours at 4°C. In contrast, the stability of T. versicolor laccase at acidic pH was 
very low (Bourbonnais and Paice, 1992). The enzyme lost up to 85% of its 
original activity overnight at pH 3.5. Laccase from basidiomycete PMl was 
stable over the range of pH 3-9 (Coll et al.，1993). P. ostreatus laccase showed 
similar pH stability characteristics as laccase IV. The activity of the enzyme 
remained unaltered over the pH range 5.0-7.0，but it showed a decreased stability 
at lower pH values (Palmieri et al., 1993). Mayer and Harel (1979) reviewed the 
pH stability of laccases and found that most laccases from fimgi are unstable at 
alkaline pH, the most extreme case being Botrytis laccase which is rapidly 
inactivated above pH 7.0. 
The comparatively low pH optimum value for laccase IV and its high 
stability at acidic pH suggested that the enzyme is physiologically active in acidic 
condition. In the case of the chestnut blight fungus Cryphonectria parasitica, the 
optimum pH for laccase activity was found to be 2.5 (Rigling and Van Alfen, 
1993). During the invasion of the chestnut bark by C. parasitica, it is reported 
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that the pH of the bark decreases from 5.5 to 2.8. In this sense, since phenolic 
acids like/?-couinaric and ferulic acids would be released during the growth of P. 
sajor-caju on wheat straw, laccase IV is obviously well suited for optimal activity 
in this acidic environment. In the comparative studies of fimgal laccases by 
Bollag and Leonowicz (1984)，many basidiomycete laccases showed optimal 
activities towards various phenolic monomers like ferulic acid, syringic acid and 
vanillic acids in the acidic range. 
4,6.3 Inhibitors study 
The potential laccase inhibitors used in this study are metal-binding 
agents. The behaviour of laccase IV in the presence of several inhibitors (Table 
3.2) was very similar to the behaviour of other laccases. Purified laccase IV was 
totally inhibited by sodium azide at concentrations above 0.2 m M . Azide and 
cyanide are classical inhibitors of metal-containing oxidases. Cyanide was found 
to completely inhibit many fungal laccases (Bollag and Leonowicz, 1984; Coll et 
al., 1993; Wood, 1980; Thakker et al” 1992). Inhibition by thioglycoUic acid, a 
copper-chelating agent, indicated that the enzyme contains copper. By repeated 
addition of thioglycoUic acid to the culture liquid of Fomes anmsusr Haars and 
Huttermann (1980) reported that extracellular laccase activity was completely 
absent without any changes in the growth and morphology of the fimgus. 
Similarly, laccase activity in Botrytis cinerea could also be repressed by E D T A 
without inhibition of fimgal growth (Bar-Nun et al” 1988). However, EDTA, as 
well as hydroxylamine, only affect the activity of laccase IV to a limited extent 
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(Table 3.2). Bollag and Leonowicz (1984) also found that these two metal . 
chelators did not affect most fungal laccases examined in their study. 
All known laccases contain copper (Mayer and Hard, 1979). The 
inhibition study suggested that laccase IV is also a copper-containing enzyme. In 
addition, purified laccase IV was characteristically blue in colour, indicating that 
• ‘ 
It contained a blue copper centre (Mayer and Harel, 1979). In those cases where 
the enzyme has been purified under carefully controlled conditions avoiding the 
loss of copper, the single polypeptide chain contains 4 atoms of copper 
(Thurston, 1994). A novel combination of prosthetic groups has been proposed 
for the laccase of Phlebia radiata (Karhunen et al” 1990). The enzyme was 
found to contain two atoms of copper per molecule and a pyrroloquinoline 
quinone (PQQ) cofactor. 
4.6.4 Km 
Few determinations of. Km values of fungal laccases using ABTS as 
substrate have been made. P. sajor-caju laccase IV has a high affinity for ABTS 
{Km = 0.092 mM). Laccase from P. ostreatus has an appreciably higher Km value 
of 0.28 m M (Palmieri et al., 1993). High concentrations of ABTS seem to have 
an inhibitory effect on laccase activity (Figure 3.23). A similar effect was found 
in the case of Trametes versicolor laccase (Bourbonnais and Paice, 1992). ABTS, 
which forms a stable radical cation when oxidized by laccase, has been proposed 
to act as a redox mediator in the oxidation of non-phenolic lignin model 
compounds (Bourbonnais and Paice, 1990) 
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4.6.5 Isoelectric point 
The isoelectric point of fimgal laccases varies between species and 
between isoenzymes of the same species. P. sajor-caju laccase IV had a pi value 
of 3.6 on isoelectric focusing. This value is very close to the values of 3.5 for 
Pycnoporus coccineus (Oda et al” 1991)，3.6 for basidiomycete PMl (Coll et al., 
1993)，and 3.6 for Phlebia radiata (Rogalski and Leonowicz, 1992). Laccase 
from Agaricus bisporus focused over a broad pH ranged from 3.4 to 4.0 (Wood, 
1980). Rehman and Thurston (1992) reported th2Lt Armillana mellea laccase I and 
II have different pi values, i.e. 4.1 and 3.3，respectively. The two laccase proteins 
were separated by anion exchange chromatography. It is possible that the laccase 
proteins from P. sajor-caju also have different pi values. Thus, they will carry 
different numbers of charged groups at a definite pH. In this way, they were 
separable by the DEAE-Sepharose anion exchange chromatography. 
4.6.6 Molecular weight 
The molecular weights of laccases differs considerably. For laccase IV 
from P. sajor-caju, the molecular weight was estimated to be 55 kDa (Figure 
3.25). The molecular weights of other fimgal laccases vary between 65 kDa for 
Neurospora crassa (Froehner and Eriksson, 1974)，62-64 kDa for Schizophyllum 
commune (De Vries et al.，1986), 59 kDa for Armillaria mellea laccase I 
(Rehman and Thurston, 1992), 70 kDa for Pycnoporus coccineus (Oda et al., 
1991)，60 kDa for basidiomycete PMl (Coll et al” 1993)，100 kDa for 
Monocillium indicum (Thakker et al.，1992)，77 kDa for Cryphonectna parasitica 
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(Rigling and Van Alfen，1993)，71 kDa for Trichoderma (Assavanig et al, 1992) 
and 56 kDa for Botrytis cinerea (Mayer and Hard, 1979). P. sajor-caju laccase 
IV shared the same molecular weight (55 kDa) as one form of the constitutive 
laccases in Pleurotus ostreatus (BoUag and Leonowicz, 1984). Agancus bispoms 
laccase appears to be substantially larger (100 kDa) based on sedimentation 
analysis，but this was not in agreement with the result from SDS-PAGE (65 kDa) 
(Wood，1980). It is possible that the enzyme is a dimer of identical subunits 
(Thurston, 1994). 
These data suggested that laccases are a heterogeneous group of 
glycoproteins having a basic structural unit between 50-80 kDa in molecular size. 
The differences in the precise molecular weight reported for a given laccase may 
be ascribed to species differences and such differences as the length of the 
attached carbohydrate chain. The sugar composition of laccases has only been 
analyzed in a few cases. The total carbohydrate content of the enzyme ranged 
from 6.5 % for basidiomycete PMl (Coll et al., 1993)，11 % for Neurospora 
crassa (Froehner and Eriksson, 1974) to 15 % in Agancus bispoms (Wood, 
1980). The properties (i.e. size, temperature optimmn and stability, pH optimum 
and stability, Km, inhibition pattern and pi) so far described for P. sajor-caju 
laccase IV are not untypical of extracellular fimgal laccases. It is expected that 
the enzyme is also a glycoprotein. 
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4.7 Future works 
A possible link between laccase production and the ability of P. sajor-caju 
to tolerate phenolic monomers has been demonstrated. However, direct 
confirmation of such a role for laccase in the mushroom is still lacking. Attempts 
have been made to include some inhibitors like thioglycollic acid or E D T A in 
the culture medium, but neither inhibitor repressed laccase production without 
inhibiting fimgal growth. It is possible to isolate laccase-deficient mutants and 
examine their sensitivity towards phenolic monomers. Mutagenic treatment can 
be carried out by U V irradiation of spore suspensions and mutants selected on the 
basis of the absence of the brown oxidation zone, the Bavendamm reaction, 
around the germinated mycelium. Alternatively, since laccase is copper-
containing enzyme, its production can be reduced when the fimgus is grown in 
copper-depleted medium. Loss of the fungus' ability to grow in the presence of 
phenolic monomers under either condition will provide strong evidence for the 
role of laccase in the inactivation of inhibitory phenols. 
In addition, P, sajor-caju laccase IV has not been fully characterized. For 
example, information on the copper content, carbohydrate composition and N-
terminal amino acid sequence are all essential. Clarification of the nature of the 
induced laccase protein is also important since it is likely to be active towards the 
inducer phenolics. Substrate specificity of the purified laccase protein will 
provide additional information on the relative activities the enzyme on different 
phenolic compounds. On the basis of these knowledge, enzyme production can be 
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5. Conclusions 
The present study shows that, in comparison with P. sajor-caju, F. 
velutipes exhibits different sensitivity profiles to phenolic monomers. The higher 
tolerance of P. sajor-caju to phenolic monomers may be linked to the fimgus' 
ability to produce laccases. Enzyme production by P. sajor-caju was enhanced in 
various phenol-supplemented cultures. Selective stimulation of the constitutive 
forms and induction of new laccase protein were also observed. Phenolics of the 
type found in Gramineae, i.e. ；7-comnaric and ferulic acids, are appreciably more 
toxic to F. velutipes than the corresponding benzoic acid derivatives. In addition, 
only low but measurable amounts of laccase were produced by the fungus, even 
though it was grown under the same range of culture conditions as P, sajor caju. 
The capacity of F. velutipes to utilize cereal straws would thereby be markedly 
restricted. Therefore, in addition to the relative lignin, hemicellulose and 
cellulose composition, phenolic monomers represent another substrate-associated 
factor which limits the growth of mushroom on a particular lignocellulosic 
substrate. Results from the present study are suggestive that laccase serves as the 
fungal-associated factor for the inactivation of otherwise toxic phenolics. This 
would provide an alternative, or supplementary, explanation for the ability of P, 
sajor-caju to grow on a wide range of lignocellulosic substrates. 
Agricultural residues, such as wheat straw, contain considerable quantities 
of cellulose and hemicellulose that can serve as excellent energy sources in feed 
for nrminants. The availability of these components is partly controlled by the 
ester-linked phenolic monomers which limit the digestion of the cellulose and 
hemicellulose. Cultivation of edible mushroom capable of inactivating these 
compounds would provides a means of upgrading the digestibility of cereal 
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straws. In addition, manipulation of enzyme production can improve the 
efficiency of removal of phenolic monomers. Consequently, it is important to 
clarify the nature of the laccase produced by P. sajor-caju. 
A selected laccase protein was purified from the culture supernatant of P. 
sajor-caju by ultrafiltration, ammonimn sulphate precipitation, DEAE-Sepharose 
chromatography and preparative gel electrophoresis. The enzyme was one of the 
constitutive form (laccase IV) stimulated by various phenolic monomers. It was 
found to be homogeneous and to have molecular weight of 55 kDa by SDS-
polyacrylamide gel electrophoresis. Isoelectric focusing gave a pi value of 3.6. 
The enzyme was stable in the acidic range and exhibited optimum activity at pH 
2.1. The optimal temperature for enzyme activity was 45。C，and the laccase was 
stable at 35 for 2 hours. The Km for ABTS was 0.092 m M and the enzyme 
was totally suppressed by the metal-chelators azide and thioglycollic acid. The 
properties of laccase IV are not untypical of fimgal laccases. 
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